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CHAPTER I

INTRODUCTION

1.1 Background

Contrary to common belief, the rapid removal of storm
water runoff from urban areas by the use of man-made storm
drains, is not at all a recent innovation. All early Roman
cities were equipped with elaborate storm drainage systems,
some consisting simply of open channels along roadways, but
many of subsurface conduits with attendant inlets. Some of
these early urban storm water drainage facilities, dating
from before the birth of Christ, are still in existence
today. It is due to the fact that urban storm drainage was
constructed centuries before any thought was given to the
disposal of sewage from a city's concentrated populace, that
we owe the existence of the combined sewer, a pestiferous
device handling both raw sewage and storm runoff. When
sewage disposal was finally undertaken in the nineteenth
century, the objectionable material was simple dumped into
the existing storm drains.

There have been two basic reasons which have moved

people to construct storm runoff facilities in urban areas.




The first is one of concern for the safety of 1life and
property, that 1is the prevention of major flooding in the
cities. (This is less of a concern on the Canadian prairies,
however, as the most serious flooding is caused by spring
snowmelt,) The second is more a consideration of
convenience, where storm drainage is installed so that the
movement of people and vehicles will not be hampered by the
presence of large amounts of water on the city's
thoroughfares.

In North American cities, well into the third decade of
the present century, the design of urban drainage facilities
was rather a haphazard procedurel3)* , depending almost
entirely on the personal experience of a particular
municipal engineer, rather than on any rigorous scientific
approach. The three major tools of today's urban
hydrologist, statistics, fluid mechanics and economics, were
seldom applied.

Early in the nineteen-thirtys, chiefly in the large
cities of the American Eastern seaboard, a much more
scientific and ratiodnal approach +to the design of urban
storm drainage gystems began to emerge. The "rule of thumb
methods" were being brought into serious question. The
chief reasons for this were:

(1) In all phases of the engineering profession, new
scientific knowledge was being made availablé for practical

application. The emphasis had shifted from simply designing

* Numbers in parentheses refer to entries in the bibliography



projects using the engineer's past experience, to the
awareness of what were the scientific principles behind the
design. Reliable mathematical expressions were needed if
the design of drainage systems was to become anything more
than a "hit or miss" procedure.

(2) The rapidly expanding size of all cities meant
that the extent and cost of storm drainage was becoming
enormous, and that to expend large amounts of money on
facilities which might either Dbe grossly over or
under-designed, without any reliable basis for deciding
which, was not justified. This increase in size also meant
that the numbers of people affected when an inadequate
system resulted in property damage, was greatly increased.

{(3) The intensified commercial nature of the city
demanded that the movement of people and goods must be
reliable, In consequence,'storm drainage must alsc be made
reliable, and at as low a cost as possible.

This process of formalizing the procedures of design of
storm water drainage systems and refining and revising the
methods as new information became available, has thus been
active for almost forty years; since our knowledge is not

yet complete, it is still going on today.

1.2 The Problem

An urban storm water drainage system 1is not a

homogeneous entity, but rather it consists of a number of



component parts, each with its own function and problems,
and each of equal importance to the whole., This system
usually consists of:

(1) A contributing drainage area analogous to a river
drainage basin, onto which rain falls and over which the
water travels to reach an opening in the ground called an
inlet. This area will most often consist of both pervious
and impervious surfacesf Most of the overland flow is
channelled into the roadways located in the drainage area,
and there it is concentrated in £he gutter section formed at
the curb by the geometry of the thoroughfare.

(2) The inlet through which the water from the
contributing drainage area flows. There may be any number
of these openings in any one drainage area. (That will
depend on the amount of flow that an inlet will pass, and
the inténsity of the design storm.) They are almost always
located on the roadways since that is where the overland
flow is concentrated; the purpose of the 1inlets 1is to
provide access for the storm runoff to subsurface conduits.

(3) a conveyence system leading from the inlets to the
subsurface storm drains. Such' a conveyence 1is required
because the drains are several feet below the level of the
street. It consists of three sections. The first is a box
structure behind or below the inlet opening (depending on
the type of inlet) which is required to form the connection

between the opening and a length of pipe. The second is a



'length of pipe which directs the water into a catch basin.

Finally, there is a catch basin which itself connects to the
main storm water conduit by means of a short length of pipe.
The purpose of the basin is to remove sediment and debris
from the storm runcff before it enters the main storm sewer,

(4) The main storm water runoff conduit. This is a
very large conduit (really a network of varying sized pipes)
located several feet below ground level, which carries the
storm water which it receives from the inlets, to a place of
disposal away from the city, usually to a nearby

To outline all of the steps involved in desiéning each
of the above componenfs so as to arrive at an overall design
of a storm drainage system, is a lengthy undertaking and
well beyond the scope of this study. One of the points
readily apparent from this summary, however, is that one of
the critical factors in any system design will be how much
water flows through the storm water runoff inlets under
design conditions. The design conditions at the inlet are
in turn determined by the calculations performed to analyse
the effect of a particular rainfall on the contributing
drainage area.

The problem of the capacity of a particular type of
storm water inlet under various conditions 1is of great
concern to municipal engineers, as is evidenced by the
nultitude of literature written on the subject (see

Bibliography). Without this knowledge a completely accurate



design of subsurface drains is not possible.

The scope offered by the above stated problem is still
extremely wide. The inlets may be any one of several types,
all of which behave differently from a hydraulic point of
view. They may be simple openings in the curb, with or
without gratings, and with or without a local depression in
the adjacent street gutter. They may be openings in the
gutter itself, with any number qf different types of cover
grates. The curb and gutter inlets may be combined in
countless different relative positions. The pavement may be
made extremely rough in front of a curb opening in an
attempt to deflect more flow into the opening. Also the
terrain of an area wiil dictate whether the inlet will be
set on a continuous gutter grade with the same slope above
and below the inlet, or in a low point with the gutter
grades approaching the inlet from each side.

Obviously, for one study tb consider- all of the
permutations and combinations of these variables would be an
impossible task. Fortunately, many of the above inlet
configurations have bbeen dealt with in previous
investigations (see Chapter 1II, page 10 ), and enough
information is évailable to intelligently design these
components. Rather tﬁe present study proposes to concern
itsélf with a particular facet of this problem which has not
as yet received a great deal of study, that is the capacity

of the most common types of Winnipeg inlets.



1.3 Justification for the Study

(1) The land on which the city of Winnipeg 1is Dbuilt,
being a part of the Western Canada plain, is quite flat. As
a result, most of the inlets for the city's storm water
drainage system are locatea at low points formed by the
constructing of roadway grades so that they slope towards
these inlets from both sides. It is the designing of such
sump inlets which is of great concern in the Winnipeg area.

(2) The c¢ity of Winnipeg Engineering Department,
rather than utilizing a very large number of inlet sizes and
shapes, has standardized the gratings to be used on Winnipeg
inlets. There is one standard grate for curb openings and
another for gutter openings. These grates can be used to
construct four standard inlets: (a) Undepressed curb inlet,
(b) Depressed curbk inlet using a standard local depression
of the gutter surface at the face of the inlet, (c) Gutter
inlet, and (d) a combination of the undepressed curb and
gutter inlets.

(3) As this study began, 1little information was
available as to héw much flow would pass through the city's
four standard inlet types under operating conditions.

(4) Past research on -storm water inlet design was
chiefly concerned with inlets set on a continuous gutter
_grade., Very little emphasis had been placed on sump inlets,

and none of the existing design methods seemed suitable to



application for local design. At any rate, some improved
knowledge of the capacities of the Winnipeg inlets was
needed if the design formulae of previous investigators were
to be checked for accuracy.

(5) The practical experience of local engineers had
indicated that many of the city's subsurface storm drains
were not operating near their design capacity even during
the heaviest observed rainfalls. It was suspected that the
inlets simply could not allow that much flow to reach the
conduit. Serious doubt had arisen in the present practice
of inlet design, and the enormous amounts of money being
expended on the storm drainage in the city made it
imperative that future designs eliminate waste by arriving
at an accurate and reliable appraisal of the capabilities of
each of the system's components.

The above progression of facts brought about the
formulation of the primary goal of the present study, which
is to undertake a series of tests utilizing a model of an
actual roadway, for the purpose of determining how much flow
passes through each of the City of Winnipeg standard sump
inlets, under actual operating conditions. The testing was
to be conducted with the gutter grades approaching the inlet
and the roadway crown slope, set at a number of different
values for each inlet type.

The data from the experimental program will be

processed in order to construct rating curves for each inlet




type, that can be used by designersvin the City of Winnipeg.
Also, a general mathematical expression of the flow will be
formulated which will allow for the design of any inlet size
which conforms to the geometry of the Winnipeg inlets.
Finally, certain more general observations will be made on

the behaviour of the various inlets during testing.



10

CHAPTER II

REVIEW OF PREVIOUS INVESTIGATIONS INTO THE

BEHAVIOUR OF STORM WATER INLETS

2.1 Introduction

As has been outlined in the previous chapter*, urban
storm water drainage systems have been an important part of
Civil Engineering practice for over half a century; the
importance of storm water inlets in this system has also
been discussed. It is not at all surprising that attempts
have been made to investigate the hydraulic performance of
these inlets, both in qualitative and quantitatiye terms,
dating back to the early part of this century ¥ . The
history of the research involves both field and laboratory
work, becoming increasingly complex and sophisticated as
attitudes changed and new research techniques became
available.

The first attempts at research in this field were
initiated by some of the more progressive American city
engineering departments, who conducted rather crude field

13,29)

tests on the particular inlets used in their area :

the capacity of the inlet in each specific location was the

¥ Supra page 2.
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only information sought, the causal relationships being of
no particular interest at that time.

As research began shifting to a laboratory setting, the
researchers' concern for more mathematically oriented
explanations of the flow phenomena involved in the intake of
water through the inlet increased. Early efforts were
compliéated as well as cumbersome and of dubious merit for
modern design purposes, but they provided the impetus which
led to further studies. Investigations increased in scope
and sophistication, culminating in the Johns Hopkins
University study of 1956 16) which is still the most
ambitious and complete work on inlét design. As no one
report can adequately cover all of the aspects of a complex
fluid wmechanics problem, gaps in the knowledge provided by
the Johns Hopkins report have beén noted; furthar
investigations have been carried out in recent years but
there remains many unanswered questions .regarding the
behaviour of storm water inlets.

It is interesting to note that virtually all of the
research into. the behaviour of various types of inlets has
been carried out in the United States, and has for the most
part been oriented towards much higher discharge conditions
than we usually encounter in this region of ©Noxrth America.
This is accounted for by the fact that the greatest impetus
for research concerned with inlet design comes from urban

centers located in high rainfall areas since obviously,
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higher runoff would mean an intensification of the problems
arising from the failure of inlets to provide adequate
capacity.

Research has been very heavily' weighted towards 'the
consideration of inlets located on a single continuous grade
rather than _in a sag; the reason for this is twofold.
First, the topography of large American cities 1located in
high runoff areas dictates that the continuous grade type of
inlet will be by far the most widely used. Secondly,
certain simplifications and assumptions have been made in
the approach to inlets located in a sag, which although in
most cases are guite valid, nonetheless suffer from being
unable to fully describe the performance of the inlet under
all conditions.

This chapter is certainly not an attempt to review all
of the research and literature on the behaviour of storm
water inlets; only the most comprehensive works which have
relevance to the municipal engineer of today have been
included. All others, however, have been 1listed elsewhere
in this study¥*,

The followipg review has been included for three verf
important reasons:

(1) It will form a background for the theory and
method of the present study, providing the reader with a
genesis of the author's approach.

(2) Where previous studies deal with inlets located in

* Bibliography, page 184.
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sags, it will provide a useful yardstick by which the data
of the present study can be measured and compared.

(3) It will provide in essence a design manual,
composed of the best available information, for those
conditions of inlet 1location, flow and geometry not

investigated in this report.

2.2 G. 8. Tapley - Hydrodynamics of Model Storm Sewer
35)

Inlets Applied to Design (1943)

The research on which this paper was based took place
in 1937 and was confined entirely to laboratory work. All
tests were conducted on a 3:32 scale model representing
one-half of an actual réadway on a continuous grade, with a
side opening and ten feet of approach channel to establish
the flow. This model rested on a tilting framework so as to
be fully adjustable. The studies conducted were limited by
the fact that the inlet tested was a curb opening using a
unique type of depression 2) , and also that the prototype
pavement - section was of parabolic cross-section, no longer
in use on modern streets.

Tapley conducted a rigorous theoretical analysis, first
setting down the variables affecting flow into the inlet and
then applying standard dimensional analysis techniques
to obtain a series of dimensionless terms. For the inlet
tested, keeping longitudinal and cross slopes constant and

maintaining a constant ratio of approach flow depth over
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average depth at the inlet, the dimensioﬁless relationship
reduces to - _
K = f (Fr, R) , ( 2.1)

where dependent variable X = (zP)/U

ZP = moment of hydrostatic pressure about the center of
inlet,

U = moment of momentum per second about the c¢enter of
the inlet,

Fr = Froude number of the gpproaching flow, and R =
Reynolds number of the approaching flow.

Due to the.small scale of the model, in order to
maintain similitude it would have been necessary to use a
fluid less viscous than water for the testing. Tapley
proceeded to compute this imaginary viscosity and in turn
uge it to compute R; this R utilizes the imaginary model
viscosity (water was used as the testing fluid) and the
actual model dimensions, and is related to the actual R by
means of a correlation coefficient which was determined by
running the model at several different longitudinal slopes.

An analysis of the data reveals that,

K = constant ﬁ (R), { 2.2 )
and F
K=1 (A +yR ), ( 2.3)
—_— o ©c€o
2F - TFE:;
where &4, = ratio of the normal gutter flow depth over

the depth of water at the nmid-section of the inlet,
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Y elevation of the pavement crown above the gutter,

C

R Reynolds number of the prototype flow, and'Ro =
Reynolds number of the approach flow in the model.

The method which Tapley uses to solve equation 2.3 and
the way in which he applies it to the design of actual
inlets is too_léngthy to be included here. Two points
emerge, however, which are of some significance. First,
this research may well prove useful to anyone investigating
the behaviour of older inlet installations where parébolic
pavement cross-sections are encountered. Although modexrn
methods could easily be used to approximate this situation,
Tapley's method would serve as a uéeful check. Secondly,
the approach taken in this research is unigue among
investigations of inlets set on a continuous grade; Taple?'s
approach consists of relating the ratio of the moment of
. pressure of the flow taken about the center of the inlet
(which is merely a measure of the tendency of the flow to
drop into the inlet), over the moment of momentum of the
flow (which is merely a measure of the tendency of the flow
to pass by the inlet), to the Froude and Reynolds numbers of
the £flow. 1f ;his principal is understood, it provides a
sound basis for understanding the methods of other

investigators.

2.3 W. I. Hicks - Drainage .Inlets for Parkways in Ilos
12)

Angeles (1944)
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This paper, part of which deals with the computation of
the amounts of run-off reaching the pavement gutters, was
based on the experience of municipal engineering staffs in
the Los BAngeles area, both through general observation and
" actual field tests.

Since this author is most concerned with the design of
inlets for catch basins to be used in the high speed roadway
system of the city of Los Angeles, he devotes very little
space to the consideration of side opening inlets, aé the
use of a depression would notvbe permitted on.a high speed
thoroughfare and an undepressed curb opening 1is quite
inefficient.

Without stating the source, the author does give an
equation for the length of curb opening required to capture
all of the flow on a continuous grade without use of a local
depression which is:

L= 0.33Q ( 2.4 )

(0.5(d_ + dl))1‘5

where L = the length of curb opening (without grate)
required to capture all of the gutter flow, FT.,

Q = total flow in the gutter section, CFS.,

du = depth of gutter flow immediately upstream of the
“inlet, FT.,

and d; = depth of flow immediately doWnstream of the inlet,

FT,

A more rigorous treatment is afforded to the grate or
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gutter opening, which without depression is more amenable to
use on high speed roadways. The type of grate to which the
following development applies is shown in Figure 1, along
with a definition sketch for the theoretical development.
The basis for the theory outlined in this paper is the

equation for free falling bodies which is

F =1 gt2, ( 2.5)
2
whexre F = force exerted on the falling body, LBS.,
g = gravity acceleration, FT./SEC%, and t = time of

free fall, SEC.

The free fall of water into the grate is hindered in
three separate ways:

(1) Frictional resiétance develops between the bars.

(2) The flow tends to skid along the tops of the bars
until it is able to fall into the openings.

(3) If the wvelocity of the flow is high enough, the
water will tend to overshoot the opening.

The author indicates that a length of opening equal to
1.5 feet is sufficient to account for the first two 6f these
items. ~Also by using simple kinematics t = 1.5/V. Hence,
the free fall equation now becomes

F = 36.18 , ( 2.6 )

V2

where V = the average velocity of the gutter flow, FPS.

It is now possible to equate the average depth of water

above the grate to this force F of equation 2.6. When the
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FIGURE 2 GUTTER GRATEA DESIGN
after W.I. HICKS (1944)
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weight of water above the grate (computed using the average
depth of water) is less than the calculated force F then all
of the flow will be trapped by the grate, however, when that
weight exceeds F, then a portion of the flow will escape the

opening. The fraction of flow escaping the inlet is given

by
1.00 -Q/Q=d4d___~-F , ( 2.7 )
1 AV
AV
where QI = amount of flow entering the inlet, CFS., and
dA = average depth of water over the grate, FT.
v

The velocity of the gutter flow above the grate has
been computed using the simple application of the equation Q

= vA which when expressed in terms of the gutter geometry is

0
V=W {d=-w35)
g g X

2

- ( 2.8 )

where Wg = width of flow in the gutter section, FT.,
d = normal depth of flow in gutter section, FT., and Sx
= crown slope of the roadway. |

The above theory has been incorporated into the design

curves shown in Figures 2 and 3, which are accompanied by an

explanation of their use.

2.4 N. W. Conner - Design and Capacity of Gutter Inlets
8) '

- (1945)

These tests were carried out on a full scale model

which, although not an actual street, was located out of
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doors; the apparatus was fully adjustable. The purpose of
the tests was to determine the capacities of the existing
inlets being used in Raleigh, North Carolina, and also to
attempt a general appraisal of the hydfaulic pafameters
governing inlet performance.

Three types of inlets were tested. Using standard
nomenclature, these are:

(1) depressed curb inlet

(2) depressed combination inlet

(3) curb inlet with deflectors.

These are shoWn in Figure 4.

The testing consisted of running the model on a
continuous grade with a set crown slope, measurements being
taken of the gutter flow, gutter flow depth, and the width
of flow oﬁ the roadway. The ultimate capacity of the inlet
was considered to be the point at which the flow just began
to lap past the inlet. ©No measurements were taken of the
condition where there was untrapped flow continuing past the
inlet. |

For the depressed curb inlets which had no grating on
the oﬁening, the tests indicated that at some slope greater
than ten percent, the cépacity (using the definition of
capacity given above) would approach zero. From a graphical
analysis of the experimental data, the following relation
was derived:

Qi=CLn R ( 2.9 )
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FIGURE 4 TYPES OF INLETS
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where C = coefficient varying with the longitudinal gutter
slope as shown in Figure 5, and

n = exponent varying with the longitudinal gutter
slope as shown in Figure 5.

For the combination inlet, no attempt was made to
develope a rigerous mathematical approach to exélain its
behaviour. It was found that the combination inlet was more
effective than the simple crub opening at low street graaes
and became increasingly less effective as the gutter grades
became steeper. Also, the grate wutilizing the forty-five
degree bars (Figure #4) was more effective than that with the
bars perpendicular to the curb in tfapping the flow.

The wuse of deflecting vanes to direct the flow
into the curb inlet greatly increased the capacity of the
simple curb opening. Whether or not the vanes were curved
or straight seemed to make very 1little difference in the
capacities, but the use of vanes which were above the level
of the pavement surface showed greater effectiveness than

the depressed vanes.

2.5 The Johns Hopkins University - Design of Storm Water
16)

Inlets (1956)

The research contained in this report represents
the co-operative efforts of several government agencies* and

the Department of Sanitary Engineering and Water Resources

* Bureau of Sewers (city); Dept. of Public Works (county);
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6f the Johns Hopkins University, over a period of almost
eight years; little wonder that this is considered the most
comprehensive undertaking in the field of storm water inlet
design.

All of the material contained in this study was
based on tests which were run on models of 1:2, 1:3, and 1:4
scale. The results were in part verified by tests run on
actual in-place inlets.

The inlets tested fall into six basic categories:

(1) undepressed curb inlets

(2) deflector inlets

(3) depressed curb inlets

(4) undepressed grate inlets

(5) depressed grate inlets

(6) combination inlets.

The inlet types are pictured in Figure 6 and the
various grates used are shown in Figure 7. These inlets
were tested under both the flow-by and sump conditions,**

Theory for all of the inlets set on a continuous
grade was developed in the same manner; a list was made of
all the variables involved in the flow of water into the
appurtinancez)and then conventional dimensional analysis
techniques > were applied to arrive at a series of
dimensionless parameters. These parameters were then giveﬁ
a meaningful relationship by applying the experimental data

to them. In the case of the sump condition, no actual theory

Maryland Board of Health (state); Wash. Sub. Sanitation Comm.
**Deflector inlets were not tested under sump conditions.



27

FIGURE 6A: STANDARD CURB INLET
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FIGURE 6B: DEFLECTOR INLETS
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FIGURE 7 GUTTER GRATES , BALTIMORE Md.
AFTER DESIGN OF STORM WATER
INLETS. JOHNS HOPKINS UNIVERSITY
(1956)
GUTTER INLETS
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was developed save to utilize conventional £luid mechanics
relations, slightly altered to fit the test data, for design
purposes assuming that the inlet operates as an orifice or a

weir.

2.5.1 Design of Curb Inlets 22,28)

Undepressed curb inlets: .~ For undepressed curb

inlets on a continuous grade, the combination of
experimentation with dimensional analysis yielded the
following expression:

T, J%, =% . ( 2.10 )

where yo = depth of gutter flow measured at the

curb, FT,.,, and K

]

conStant for each particular side slope
of pavement.

If tan6 = pavement cross-slope, then . for tang =
12, K = 0.23 and for tan6 = 24 and 48, K = 0.20,

For a particular known gutter flow Q, y_1is

o}
calculated by using the triangular form of the Manning

eguation 21'36'38’402

;, . since the slope and the
roughness of the gutter section is known.

The solution to equation 2.10 is found in Figure 8
which is the graphical form of the eguaticn with yo
expressed in terms of gutter slope, pavement roughness and

cross-slope, as per the Manning equation.

Depressed crub inlets: Formula 2.10 cannot be

applied to depressed curb openings for two reasons. First,
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the depth of flow at the upstream edge of the inlet will not
be the same as the depth of flow y .in the undepressed
o
gutter. Secondly, the testing revealed . that a hydraulic
jump forms in the depression increasing the flow into the
opening. Analysis of the data revealed that for this type
of inlet the following equation applies:
Q
Ly gy =K+ Q' , ( 2.11 )
le) O
where € varies according to the expression,
c'=o.45/1.12" L 2.012)
’ 1 " 2
where M = LF/atan, and F = V /OY .
The graphical solutions to equations 2.11 and 2.12
are presented in Figure 9, a and .b; with the above
information a curb opening set on a continuous grade can be

designed to meet the local criteria such as permissable

flow-by.

22,23
2.5.2 Design of Gutter Inlets +23)

For a gutter opening placed on a continuous grade,
there are three ways in which the flow tends to escape the
inlet:

(1) Part of the flow moves along the tops of the
bars before tumbling into the openings.

(2)  Some of the flow may escape past the outside
edge of the grate.

(3) High velocity flow tends to overshoot the

grate.
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-Only the last of these need be considered for
design purposes.

The following five items are important in the
design of depressed and undepressed gutter inlets:

(a) The length of grate required to prevent an
overshooting of the  flow; dimensional analysis and
experiment reveal that |

(L,/v,) J9/y, =m -~ (2.13)

where Lo = length of grate (length' measured
parallel to_the flow) required to capture all of the flow in
the gutter section when the velocity of the flow over the
grate is Vv, FT.,

Vo = average velocity of the flow in the gutter
section, FPS., and m = constant for each bar orientation.
For grates with bars parallel to the flow m = 4, and with
bars perpendicular to the flow m = 8,

Equation 2.13 will be unaffected by the presence
of a local depréssion adjacent to the inlet.

(b) The 1length of grate required to capture the
flow outside of the gutter section (wiﬁhout depression); the
following expression was derived using 'a combination of

experiment and dimensional analysis:

(L'/VO)\[g/yO - W/tang) = 1.2 taneO ’ (2,14 0)
where L' = length of grate required to capture all
of the flow outside of the gutter section, FT.,

W = width of the grate (perpendicular to the
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curb), FT.,
eo = crossfall of the pavement measured in degrees
from the horizontal. ‘

(c) The length of grate required to capture the

outside flow for a gutter inlet with local depression:

1}

(L'/Vb) g/y" 1.2 tang' ’ ( 2.15 )

where y' = depth of flow at the outer edge of the
grate, FT., and ' = transverse slope of the local
depression.

(d) It is sometimes convenient in design to make
the 1length of the grate less than 1'; when this is the case
a certain amount of the flow will escape past the outside of
the inlet. The amount of flow thus passing by the inlet was
found to be

g, = 0.25 (1 - L')V[EKXO - W/tangy) ~, (2.16 )

where g2 = carry-over flow past the outside of the

inlet, CES., and L actual length of grate. FT.

(e) For gutter inlets with local depression, when
the 1length of grate is less than L', the flow-by past the
outside of the grate can be found using

4, = (L = L") y'\/gy'/t . ( 2.17 )

In all of the above eguations, Y, is found by
applying the known gutter flow to the triangular form of the
Manning equation. For the depressed inlet cases, having

solved for this y,, the total energy equation (conservation

of energy) is applied between the upstream edge of the
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depression and the upstream end of the grate openihg to

obtain y'.

2,5.3 Design of Deflector Inlets 22,25)

Deflectors placed immediately adjacent to an
undepressed curb inlet, as shown in Figure 6, increase the
flow into the simple opening by creating a standing wave of
water in front of the opening; really any roughness in the
pavement eguivalent to that supplied by the notches would
have the same effect. It was shown that by applying the
data to dimensionless parameters the following equation
could be deri&ed:

i&;‘g\/‘?y—‘; = 0.058(c/b)1/20 (J_S_/n)( W/L) , (2.18)

where ¢ = clearance between the deflectors, FT.,

b

width of each deflector, FT.,

S

longitudinal slope of the gutter, FT./FT., and
n = Manning's roughness.

It can be seen that the above expression is not
very responsive to the £erm c¢/b, which may be treated as a
virtual constant, say 2. Equation 2.18 is presented
graphically in Figure 10.

Actual vehicle tests were run on deflector inlet
installations in the field and these revealed that for slots
of up to four inches there was no noticeable vibration to
the automobile but increases in width greatly increased the

vibrations and intolerable levels were reached when the
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width of the slots was seven inches.

22,26)

2.5.4 Design of Combination Inlets

(a) Undepressed Combination Inlets: These are
designed in‘exactly the same way as undepressed grate inlets
‘with one slight modification = in equation 2.13, let m =
3.3.

(b) Depressed Combination inlets:v The study of

these inlets revealed three vital @facts which must be
considered in their design. | |

i) Grates with no transverse bars are the
most efficienf.

ii) The more transverse bars that a grate does
contain, the less efficient it beconmes.

iii) Efficiency is more readily obtained by an
efficient grate than by placing the grate upstream or
downstream of the curb opening.

Because it was revealed that the positioning of
the grate to one side or fhe other of the  opening did not
greatly affect the .efficiencies, the only design formula
developed was for the case in which the grate is the same
size as the curb opening and is placed immediately opposite
that opening.

The same approach is used as was developed for
simple grate 1inlets*; the chief concern was to eliminate

overshooting of the flow and also to prevent water from

¥ See section 2.5.2.
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escaping past the outside edge of the grate.

The length of . inlet required to prevent
overshooting of the flow was found to be

I%)= nv.,/y/g ' i | o (2.19 )

where m is a constant for each type of grate. For
a grate withvno transverse bars set flush to its surface m =
3.3, and for a grate with transverse bars set flush with its
surface m = 6.6.

The length of inlet . required :to capture the

outside portion of the flow is

L' = 1.2Vtang J(y - W/tane)/g : (2.20)

When the actual length of the inlet is 1less than
1', then there will be carry-over or flow past the inlet as
given by the formula

3/2
g, = 0.25(L' - L) \/‘g‘(y - W/tane) (2.21)

The total flcw-by past the inlet will be somewhat
less than the amount given by expression 2.21, however,
since ponding in the depression will cause some additional
water to flow into the opening. The amount of the flow into
the curb can be approximated by.treating the opening as a
. triangular weir and using the depth of ponding in the
depression as the head. Hence, the total corry-over will be
- found using the following expression: y 5/
»q=q2—0;266RJ§tane[}a—LZS)+5/4(8q2/gtan29)5] , (2.22)

where q = total flow past the inlet, CFS.,

R = ratio of the clear width between the grate
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bars to the total width of the grate,
a = depth of gutter depression, FT., and L, =
length of downstream gutter transition. FT.

Equation 2.22 is solved in Figure 11.

16
2.5.5 Inlets in Sumps

The theory for inlets in sumps was not developed
in the same way as that for inlets on a continuous grade.
Tests were run for this condition but they were not nearly
as extensive as .the continuous grade experiments. The
theoretical analysis was conducted.by merely applying what
- was thought to be the appropriate fluid mechahics relations,
based on the experimental observations. .The theory for the
three types of inlets tested is given below.

a) Grate inlets: It was observed during the

7 testing program that the inlet appeared to operate as an
orifice through most of the flow conditions. The standard
orifice equation was applied to the :experimental data ' and
the following evolved: |

Q= o.sA\/—z_gK , (2.23)

where AQj_ = the total flow through the inlet made
up of the gutter flows from each side of the inlet, CFS.,

A = area of the clear opening of the inlet,
SQ.FT., and h = depth of water at the inlet. FT.

b) Curb Inlets: Observation on the operation of

curb opening inlets seemed to indicate that they operated as
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a simple rectangular weir through most of the flow
conditions encountered, hence the weir formula was applied
to the data to'yield:
: 3/2
Q, = 3.0h L
i

where Qi = the total flow into the opening made up
of the flow from both sides of the inlet, CFS., and L =
length of the opening. FT.

c) Combination Inlets: Although the report was

not clear as to whether or not the reasoning was based on
experimental data, it was concluded that the capacity of a
combination inlet is simply the :sum of the two separate
inlets, gutter and curb.

Two other points ., of ,some . importance should be
mentioned here. The testing showed . clearly that the
capacity of any inlet  located in a sump was greatly
increased by placing that inlet in a local depression. Also
it was demonstrated that the presence of transverse bars in
a gutter grate, whether they be depressed or flush with its
surface, have no effect on the capacity of the grate.
Design curves for curb, grate and combination inlets in a
sump, both with and without a depression are shown in Figure
12. These curves are based on equations 2.23 and 2.24.

| The above summary of the Johns Hopkins report
contains all of the important features of that study. It
was not possible to include all of the design aids contained

in the final publication. The @ two most important pieces
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FIGURE [2A: CAPACITY OF UNDEPRESSED SUMP INLETS
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omittea are the design charts for the solution of the

38)

triangular form of the Manning equation ™ , and a

simplified method of approximating the capacities of single

5)

and multiple inlets .

2.6 R. J. Wasley - Hydrodynamics of Flow into Curb Opening

9
Inlets (1961) 39)

The research reported in this paper is confined to
analyzing the case of a simple undepressed curb opening set
on a continuous grade. A rigorous formulation for the flow
was developed and then verified by experiment.

For the theoretical analysis, only gutter slopes
which were greater than the critical slope were considered;
this is because the complexitics introduced by sub-critical
flow make analysis almost impossible and also because
sub-critical gutter slopes are almost never encountered in
actual practice. .

The approach taken by Wasley is to divide the flow
through the inlet into two components, the flow parallel to
the curb determined by the gutter siope, and the transverse
flow determined by the crossfall of the pavement. These
zones, as Wasley calls them, are shown in Figure 13 and are

numbered I and II respectively.




by

Zone I is treated as simple open channel flow with a
velocity distribution as derived from Darcy's equation
given by

_ 1/2 1/2

U = (8g¢,/f) Z ’ (2.25)

where U = y component of the velocity (y axis
parallel to curb), CFS.,

f = Darcy friction factor,

2

height above the intersection of the pavement
and curb, FT., and

¢, = gutter slope, %.

Zone II, the cross flow, 1is treated as being
analagous to £he instantaneous failure of a dam behind which
is a triangular reservoir. This situation is pictured in
Figure 14. The application of Newton's second law leads to
the equation of motion for the flow and can be combined with
the continuity equation to form a set of equations which,
when solved®, will yield .the following  dimensionless
parameters which describe the :instantaneous failure of a'

dam;

A
X X/%, theo.; /3; = ¢Oy/zo; 2

o
u

<P
]

= T/Ttheo.max. ; v/ gz , (2.26)

[o)
where (™) indicates a dimensionless quantity,
X,¥Y,2 = distances measured parallel to the

coordinaté axis, (See Figures 13 and 14) FT,

X %), %) = maximum distances, FT.,

* An extremely complex procedure; for an outline see "Unsteady
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FIGURE I3: FLOW INTO A CURB OPENING AFTER
WASLEY (196l)
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V = x coordinate of the velocity, FPS.

1l

time, SEC., and

Referring to Figure 13, the division between zones

I and II is along the line OB and is the boundary in the

s

y-direction of the negative surge crest as it passes
downstream due to the x-component of the velocity; in other
words, the information that the curb has terminated at 0 is
transmitted in the y-direction at a certain finite rate.
Combining the velocity  of propagation of a small
disturbance, C = g2 32), with eqﬁation‘ 2,25, the Dboundary
between zones I and II can be defined by

1/2
X = (8g¢,/f) y . (2.27)
Q

Vi

The remaining step in the solution is to define

the outside streamline BC (Figure 13); this 1is done by
describing the trajectory of a given fluid element as it
moves along that stfeamline. The equation of motion of a
particle moving along BC is given by

Yy = - 9g¢,. .. (2.28)

Combining equations 2,27 and 2.28 ' (as well as
translating the coordinate system, a step outlined in detail
in Wasley's paper ) vyields an expression defining the
outside streamline:

X = CO (yO + yo - y) (2.29)
Js 1/2%
where Co = (89¢0/f) .

Hence, the 1length of curb opening required to

Non-linear Waves in Open Channels", R.F.Dressler, Proceedings
Royal Society of London, Volume 229A.
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capture all of the gutter flow is the value of x in equation
2.29 when y = 0. It would be .possible to deal with the
condition where only part of the flow is captured, by
solving for the equations of the interior streamlines; this,
however, is not nearly as simple as the solution derived for
the exterior streamline. Once such equations are known,
then the amount of flow-by may be calculated for any given
length of inlet.

When the above method is applied to Wasley's
. experimental data, (obtained from a full scale adjustable
model) the data tended to verify thé theory, although the
‘x-values were always lower than those predicted by the
theory. Also, with gutter Slépes less than 5 percent and/or
cross slopes less than 0.5 percent, it cannot be said for
certain whether or not the predicted results may be relied

upon.

2.7 S. S. Karaki and R. M. Hamie - Depressed
17)

" Curb opening Inlets (1961)

A major portion of this research dealt with curb
openings located in a sag, a condition about which 1little
was known until this paper was published.

Experiments were conducted on a 1:4 scale model,
and the theoretical analysis consisted of observing the type
of flow being encountered under the various conditions of

model operation (i.e. orifice flow) and applying the
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appropriate fluid mechanics relations to the data. The data
was used to determine equation constants.
uring the tests, the following observations were made;

i) The curb inlet operates as a weir until the
water submerges the entrance. |

ii) When the water depth exceeds about 1.4 times
the height of the curb opening, the inlet operates as an
orifice. iii) Between the .weir .and orifice ' type of
operation the capacity of the inlet is indeterminant.

iv) For each particular inflow into the inlet
(made up of the two incoming gutter flows), there is a
minimum height of opening below which the inlet will not
behave as a‘free overflow weir. This height has been termed
h and its relationship to Q 1is shown in Figure 15.

All of the tests run in this study were run with a
pavement crossfall of zero; the range of gutter slopes was
from 1.50 to 6.00 percent. Curb opening lengths of five, ten
and fifteen feet were tested and three standard depressions
of different sizes were used. . The investigators were able
to derive unique equations for each particular depression
tested to describe the inflow into the inlet. These
equations are as follows:

For a depression of one foot width and one inch
depth,

1.78

Q. = 2(Li + 2.4wW) (d + W/12) (2.30)

i MAX
where Qi = total flow into the inlet made up of
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FIGURE [5: MINIMUM DEPTH OF FLOW FOR CURB
INLET WEIR OPERATION
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FIGURE 16 (B)
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the gutter flows from both sides of the inlet, CFS.,

Li = length of clear opening of the inlet, FT.,

dmax = depth . of water measured at <the inlet
opening, FT., and

W = width of the depression in front of the inlet,
FT,

For a depression of two foot width and two inch
depth,

, 1.85

Qi = 1.7(Li + 1.8W) (A wW/12) . (2.31)

For a depression of three foot width and three
inch depth,

1.85

The above three equations have been solved in

Figure 16. It can readily be seen that these equations are

of the same basic form with different constants and

exponents.

2.8 W. J. Bauer and D. C. Woo - Hydraulic Design of
4)

" Depressed Curb Opening Inlets (1964)

The research reported in this paper consists of
two parts: first a series of tests .were run to select a
standard depression geometry which would give the overall
best performance. Secondly, curb opening inlets wutilizing
this standard depression were analyzed and then tests were
conducted and the data applied to the theoretical analysis.

For inlets set on a continuous grade, the testing
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program was carried out on a full scale model, while for
depressed curb openings located in a sump, a 1:4 scale model
was used.

The selection of the depression geometry was the
result of preliminary tests regarding the effect of changes
of the depression geometry on the efficiency of thevinlet.
A summary of these tests is given in Figure 17.

During the continuous grade inlet experiments, it
was observed that a disturbance line proceeds across the
flow from the upstream end of the depression to the
depressed zone, i1f one were present. Further it was
discovered that downstream from the line of disturbance the
flow outside of the depressed zone moved along trajectories
that could be approximated by simple parabolas, calculated
on the assumption that the velocity in the longitudinal
direction remained constant, and that the acceleration
perpendicular to the curb face corresponds to a piezometric
sﬁrface parallel to the cross slope of the pavement. The
flow across the depressed surface could also be considered
to move 1in parabolic trajectories corresponding to a
piezometric gradient proportional +to the slope of the
depressed surface in this direction. Using this mathematical
approach, it was found that for . each curve of W/T, the
relation .between Qi/Q’ and Li/FwI followed a straight line
from its origin to a certain point. The 1location of . that

point can be described by the following equations;
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1.85
Qi/Q =(1 - W/T) -1 (2.33)
and L /F T = K(W/T)(d /a), (2.34)
i W w
where T = width of spread of the uniform gutter
flow, FT.,

Fw = Froude number based on the depth and velocity
of uniform gutter flow at a distance w from the curb face,

K = empirical coefficient of transverse
acceleration, and

dw = water depth at a distance w from the curb
face, FT.

The solution to the above equations is given in
Figure 18.

In the sump conditién, the inlet is treated as a
simple weir with a slight modification based on the
experimental data. Thus a modified weir equation is derived
to give the following:

1.85
g =1.7h - (2.35)

where g = the modified unit discharge given by g =
QAii/Z + 0.9W). This equation is shown in Figure 19.

The main design curves of the .study consist of
four-variable plots of gutter flow spread T, gutter slope SO

, cross-slope SX; and the 1inlet interception rate Qi /9.

They can be derived using equations 2.33 and 2.34.

2.9 J. J. Cassidy =~ Generalized Hydraulic Characteristics
6)

of Grate Inlets (1966)
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This study, . conducted at the University of
Missouri, was restricted to the consideration of undepressed
grate inlets located on a continuous grade. Six different
grates with wvaried bar configurations and orientation were
tested and these are shown in Figure 20.

The first step in this study was to 1list the
variables which effect flbw into thié type of inlet and then
to perform a conventional dimensional analysis. This
yielded the following expression:

0,/9, = ¢V /[oD,L/D,D/W,8,8,8 ), (2.36)

where D = y = normal depth of gutter flow, FT.,

W = width of grate (perpendicular to the flow),
FT., and |

B = a dimensionless characteristic which will be
assumed to completely describe the geometric configuration
of the gfate.

The test apparatus used by Cassidy was somewhat
different than that used by other investigators; in all
other tests of‘storm water inlets conducted up to this time,
the procedure was to establish a certain roughness on the
surface of the model, then set the apparatus at a given
longitudinal slope and cross slope, and then introduce flow
at one or both ends of the fiume. Cassidy, .however,
although setting his model at a given longitﬁdinal and cross
slope, maintained absolute control over the depth of flow by

using a sluice gate at one end of the flume to control the
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FIGURE 19 CAPACITY OF DEPRESSED CURB INLET
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depth. The model scale was 1:2; however, only the section
of roadway adjacent to the curb was modeled, the maximum
width of flow being only fourteen inches.

It was found early in the testing program that the
longitudinal slope did not noticeably effect the efficiency
of the grate inlet. The remainder of the tests were then
conducted with a horizontal gutter slope.

TwWO distinctly .. different flow patterns were
observed during the experimepts. .. At low wvalues of D/W
and/or Vo /gD, no flow overshot the grate and the flow
pattern was very smooth; at relétively high values of these
two numbers, however, flow was seen to strike the downstream
side of the grate, creatiﬁg a violent disturbance quite
similar to an hydraulic jump. Flow then began to pass
directly over the. grate and the -efficiency Qi /Q was
thereafter reduced.

Sample design curves . for a type F grate (Figure
20) are given in Figure 21 (these may be used for any size
of F grate); from these curves, it can clearly be seen that
the point af which the disturbance begins to form is the
point at which the efficiency curves begin to bend
downwards. A straight line ‘can. be drawn through these
points for a series of efficiency éurves. It was found that
the equation of this line could be expressed as

- L/D = m(vo/\/éT)) . (2.37)

The magnitude of m is a measure of the grate's
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FIGURE 21: GRATE INLET PERFORMANCE GRAPH
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Table | Values of m for equation L/D = m Vi /+/gD

Type of grate [Cross slope | m valve
A 50 to I.O 2.18
20.6 to 1.0 2.32
B 50 +tol.O 2.50
206 to 1.0 2.50
C 50 tol.0 2.36
206 to I.O 2.38
D 50 tol.0 2.86
, 20.6 to I.O 2.94
E 20.6to 1.0 5.55
F 50 tol.O 3.25
2061t 1.0 3.45

after Cassidy(1966)
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efficiency. The smaller the value of m, the greater is the
efficiency of the grate. Knowihg the value of m for the
particular grate being used, equation., 2.37 can then be
utilized to determine the 1length of grate required to
capture all of the gutter flow. Table 1 gives the values of
m for each of the grates tested in this study.

The following conclusions were drawn regarding the
various types of grates:

| i) Grates 2 and B were the most efficient over

the full range of flows.

ii) Grate C was efficient at lower flows only.

iii) Grate F was inefficient over the full range
of flows. |

iv) The diagonal bars used in grate E did not
greatly increase the efficiency, although bars set on a
forty-five degree angle were slightly more efficient than

the configuration used in grate D.

2.10 J. A. Zwamborn - Storm Water Inlet Design Code,
uy)

C.S.I.R. Report MEG433, Union of South Africa (1966)

The research contained in this design code was
undertaken because none of the studies conducted elsewhere
involved flow rates as large as those encountered in South
Africa. A full scale street model and a 1:6 scale model
were constructed; the only type of inlets tested were curb

inlets, since the terrain and flow volumes of South Africa
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made the use of grate inlets undesireable.

The first step of the study was to run preliminary
tests of both depressed and undépressed.curb inlets on both
the full size and 1:6 scale models, and then to compare the
results to see if there were any scale effects which might
render the data from the smaller model unusable. This
preliminary work did, in fact, reveal that the 1:6 scale
model could only be used to approximate the effects of the
less important variables on the operation of the inlets*.
All of the principal theory was conseéuently developed from
the full scale model.

A  mathematical expression to describe the
performance of an undepressed.curb inlet was formulated in
three steps:

i) An analogy was drawnvbetween the side opening
and a free overflow weir. The discharge over a weif length

dx may be expressed as:

3/2
dQ = 3my dx , (2.38)
where m = discharge coefficient which depends

mainly on the velocity of the approaching flow.

ii) The test data :for the undepressed inlet
revealed that a relationship existed Dbetween the normal
depth of flow in the gutter and the depth of flow at the
upstream end of the inlet,

0.83 (
y = 0.5326, (2.39)

where y = depth of flow at the upstream end of the

* These scale effects were responsible for higher values of
length of opening required to capture all of the flow.
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inlet, FT.

| iii) It was found that the water depth decreases
linearly along the length of the inlet opening; this defines
the limits within which equation 2.38 may be integrated. By
combining the integrated form of equation 2.38 with equation
2.39, an expression can be derived which may be used in the
design of undepressed curb opénings;

Q/L = 0.8?O f (2.40)

In the case .of depressed inlets; no attempt was
made to formulate precise theory of operation and only the
design curves showing Q/L versus Y, for a given depth of
depression have been‘plotted; these curves along with the
graph of equation 2.40 are shown in Figure 22. An important
observation made during the testing of the depressed inlet
was that the capacity of the inlet was increased over that
of the undepressed inlet, by the presence of the depression;
this increase in capacity becomes constant when the depth of
depression reaches 0.3 feet.

The design curves given in Figure 22 assume that
the length of inlet is sufficient to trap the total gutter
flow; when the length of inlet is less than that required to
capture all of the flow, it is possible by integrating
equation 2.38 to determine the amount of flow that will
by-pass the .inlet. This flow may be calculated using

Q'/9=1- (1 - L'/L) 2 (2.481)

where Q' = the actual amount of flow entering the
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FIGURE 22: CURB INLET CAPACITIES
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inlet, CFS.,

L' = actual length of the inlet, FT., and

L = length of inlet required to capture all of the
flow (calculated using equation 2.40), FT.

The above equation is showﬁ in Figure 23.

In this study, no tests were conducﬁed for inlets
in the sump condition; however, it was concluded that since
the approach velocities for inlets in sumps were so low, a
simple weir formula could be applied for a cufb opening to
yield the following equation:

3/2
. Q/L = 3.0yo . (2.42)
An interesting appendix . to this study was an

appraisal of the effects of parked automobiles on the

allowable normal depth of flow in the gutter section.

2.11 Comparing the Reviewed Literature

Had each of the investigators conducting the
studies reviewed in this chapter taken the same approach to
their theoretical analysis, it would have been an easy task
to compare their work for each type of inlet.'For the most
part, however, there 1s a diversity of approach which
prevents the simple comparison of design formulae.

In view of the fact that almost all of the
researchers conducted their tests on models of 1less than
full size, the findings of Zwamborn in South Africa

indicating considerable scale effects in small models casts
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some doubt, if even slight, on most of the design formulae.
The South African findings, however, indicated at least for
curb inlets on a continuous grade that the design procedures
of previous investigations would yield conservative results.

Where an actual inlet design is being undertaken,
the only meaningful comparison is to design the inlet wusing
all of the methods reviewed in this chapter which apply to
that particular inlet. For some . types such as deflector
inlets, only one method exists,-while for others, there is
at most four different approaches. . It would be for the
designer to choose which answer would be most acceptable,
applying his own éxperience ana also keeping in mind which
of the methods was the most.recently developed, the range of
tests used to verify the method, and which approach provided
the more conservative answer.

A summary .of the reviewed literature appears in
'Table 2. This table gives the name of the researcher, what
type of inlets were tésted (inlets which may have been
discussed in the paper, but which were not actually tested,
~do not ~appear in this table),‘and the conditions of flow
into the inlet;wthat is, was it tested on a continuous grade

‘or was the inlet located in a sump.




TABLE 2:

AUTHOR

Tapley
Hicks

Conner

Johns Hopkins

Wasley
Karaki and Hanie

Bauer and Woo

Cassidy

Zwamborn

YEAR
'43
'44

'45

'56

'6l
'6l

'64

'66

'66

TYPES OF INLETS TESTED

Depressed curb
Undepressed gutter.

Deflector, depressed curb,
depressed combination

Deflector 4
Undepressed curb, depressed

curb, undepressed gutter,
undepressed combination,
depressed combination
Undepressed curb
Depressed curb

Depressed curb

Undepressed gutter

Undepressed curb, depressed
curb

SUMMARY OF THE LITERATURE REVIEWED

TEST CONDITIONS

Continuous

Continuous

Continuous

Continuous

Continuous

sump

Continuous
Sump

Continuous

sump
Continuous

Continuous

grade

grade

grade

grade

grade

grade

grade

grade

grade

and

and

S9
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CHAPTER IIX

THEORETICAL CONSIDERATIONS

3.1 INTRODUCTION

All of the investigations into the behaviour of storm
water inlets may be classified in eithef of two ways: The
grouping may be according to the objective of the studies oxr
by the methods used to arfive at that objective. 1In the
former case, there are two categories. The objective of the
study may be particular; The only information sought is the
capacities of the types of storm inlets used in the city or
region where the study is being conducted. The objective of-
the research may be broader than this, however, and in that
case the study would seek to uncovér the principals of inlet
operation which could generally applied to describe the
performance of any inlet. The classification of research
éccording to - the methods used to arrive at the conclusions
of the study can be divided into two categories. First is
the purely empirical approach; Specific types of inlets are
tested and the results of the tests are usually presented in
graphical form. No attempt is made to analyze the data

beyond the determination of the capacities of the inlets
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tested. An improvement of the emperical approach is the
method ‘which combines a theoretical. analysis with the
program of experimentation. There are two ways in which
this may be done. A dimensional analysis may be conducted
on the variables affecting the inlet flow, and then the
dimensionless terms thus formulated are appraised using the
experimental data from modei tests of the +type of inlet
under consideration; Ffom the data, constant and exponential
terms are evaluated and the unimportant dimensionless terms
deleted. Experiment and theory may be combined by making
certain general.observations of the flow during the testing
program which allow the investigator to identify the type of
flow with which he is dealing and hence to be able to apply
classic fluid mechanics relatioﬁs which may be numerically
evaluated using the experimental data. The third category
of the method classification 1is the purely theoretical
approaéh. Here, the flow is analyzed starting from first
principals of fluid mechanics, and the inlet éerformance is
described mathematically. Often this analysis is followed
by a program of inlet tésting but only so the theory may be
verified, not so that it may be altered in any way.

The most desirable approach to inlet research 1is to
combine a xrigerous mathematical analysis with thorough
‘experimentation. For the testing to be comprehensive enough
to apply -to very geheral situations, however, an extremely

wide range of inlet sizes and configurations must be
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utilized. In a limited program, this is not always
possible. The other extreme is the testing of inlets from
one specific area, with no regard for the theory underlying
the inlet's performance. The present investigation
undertook to find a middle ground between these two
extremes.

Since the study was oriented towards the probiems of

inlet design in the Winnipeg area, it was decided to test
only the sténdard appurtinances used on these inlets in the
city. Also the inlets would only be tested in the sump
condition asv the locai terrain dictates that most inlets
will be located in a pavement sag. The flow conditions were
- varied during the testing so that it would be possible to
extend the findings of these testé to other sump inlet sizes
and configurations.
Thus, having defined the perifery of the study , it was
necessary to decide on an approach to be taken in developing
-a theoretical basis for the flow into various types of
inlets to be tested in the sump condition.

The literature review of CHAPTER II indicated that for
inlets in sumps, previous investigators have employed the
same approach; Tests were run and then the classic fluid
mechanics relations were applied to the data to arrive at an
inlet design formula. This is a reasonable procedure and
perhaps the only workable one in view of the fact that the

flow control for inlets in sumps is not constant over the
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full range of gutter flows. It was thus decided to use this
approach for the theoretical development of the present
study. In virtually any hydraulics problem, however, the
thecnique of dimensional analysis has so much to offer that
it was not thought wise to abandon it in connection with
sump inlets without at least taking a cursory look at what
results could be obtained by using this method.*1)

in using the observation-oriented method of developing
the theory outlined above, it becomes necessary to mention
at least somé of the general observations  made during the
course of the experimental program; Such observations will
in a sense be out of place here, since -all of the
observations are set down in detail in CHAPTER V**, but
remarks will be very general aﬁd brief in CHAPTER III and

designed only to introduce the theory.

3.2 DIMENSIONAL ANALYSIS

In order to treat an extremely complex flow situation
it is necessary to dimensionally organize the several
variables into the smallest number of significant parametric
groups. Since any mathematical equation of motion to be
physically correct, must be dimensionally homogeneous, then
the variables in any given flow situation must be so related
such that the flow situation is dimensionally homogeﬁeous.

The chief tool of dimensional analysis by which the

variables are organized is the Buckinghan Pi the rem*, which

** Page 110.
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states: "If +the dependent variable A1 depends on the

independent variables A_ ,A ¢+ sess A, the functional

2
relationship may be written as
£(Rq,85 23, ... A, ) = 0. ( 3.1)

The Pi theorem states that if all of these n variables
can be described by m dimensional units, then they may be
grouped into n - m dimensionless terms."

(mysmTy 2Tg 4 eus M ) = 0. ( 3.2)

In each term there will be m + 1 variables, only one of
which needs to be changed from term to term. If the m
repeating variables are given unknown exponents in each pi
term, the fact that there are m dimensions with which each
term may be described provides a means by which these
unknowns may be evaluated. | |

It should be noted that the dimensionless terms may be
made to consist of different combinations of wvariables. It
may be desirable in certain hydraulic situations to have a
specific term ( such as the Froude number ) to appéar in the
analysis, while some other terms may be without
significance. Thus dimensional analysis is an art requiring
some experience in hydraulic studies and the judgement
obtained therefrom.

For any inlet located in a sump there is a common set
of variables which, along with the variables of the

particular inlet type, will determine the flow into the

inlet. Figure ' 24 shows one-half of a roadway with a

*

Model Experiments and the Form of Empiricle Equations,
Buckingham, E., A.S.C.E. Trans., Vol. 37, 1915.
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combination inlet in the gqutter section; the variables
affecting the inlet performance are shown. These common
variables are:

1

Qi , the dependent variable consisting of the two
incoming gutter flows Q4 and Q,,

Y, and Yy o the normal gutter flow depths approaching
the inlet,

v and V the average gutter flow velocities

1 2 !
approaching the inlet,

‘60, the cross slope of the pévement, and

g, the gravity acceleration.

Now for each type of inlet there will be the follqwing
additional variables:

1) Undepressed curb inlet; Li' the length of the
curb opening. | |
II) Depressed curb inlet; Li’ the length of the
curb opening, and 6, the slope of the local depression.
III) Gutter inlet; L } the length ::0f the gutter
grate, and W , the width of the gutter grate.
IV) Combination inlet; Li . L, and W.

The above variables were then utillized in a standard
dimensional analysis to obtain a set  of dimensionless
parameters for each inlet type. Since the variables were all
in terms of either length or time, or both, it was only

possible to obtain two fewer dimensionless terms than there

were variables fox any given . flow situation. The
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dimensionless parameters for each inlet typé expressed in a
functional relationship are:
I) Undepressed curb inlet;
3 2 2
Q, = ¢(y1 /V1 g, y1 /V.V_, y1/Li, y1/y2,eO ) ( 3.3)

1 2
II) Depressed curb inlets;

3 2 2
= .u
Q ¢(y1 /V1 gr ¥, /V1V2, y1/Li, y1/y2,eO y ( 3.4)
III) Gutter inlet;

3 2 2
IV) Combination inlet; W
3 2 .2 '
) (3.6 ) '

3.3 GENERAL OBSERVATIONS AS TO THE NATURE OF THE FLOW INTO

EACH OF THE INLETS AS NOTED DURING THE EXPERIMENTAL PROGRAM

"As was noted earlier in this chapter, it is necessary
to present a very genergl outline of the observations made
during the testing program, in order to Jjustify the
theoretical presentation of certain classical fluid
mechanics relations. This will be done in turn for each of
the four types of inlets tested.

I) Undepressed Curb Inlet: From the ‘smallest

recorded flows up to the point at which the water entering
the inlet was Jjust below the top of the grate opening, (
that is the point at which part of the opening was always
visible ), the inlet simply resembled a free overflow weir.

A free water surface was visible, unimpeded by the top of
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the inlet appurtenance opening. As the flow was increased
beyond this point however, the top of the inlet grate
opening came into play and for a small range of flows , the
operation fluctuated between that of a weir and an orifice;
in the latter instance the opening beéame completely filled
with water.A furthar increasé in the flow saw the opening
completely submerged and hence it acted as a rectangular
orifice, It should be noted , however, that true orifice
operation could only continue up to the point at which the
actual grating (as opposed to tﬁe grating opening), was
submerged; then the water continued to flow through the
opening as an orifice but also over a broad crested weir.

II)‘ Depressed Curb Inlet: The same observations were

made for the depressed inlet as for the undepressed case,
the only difference being that the flow values at‘ which
these various conditions occurred were different.

III) Gutter Inlet: At 1low flow values the gutter

grate was not submerged and the water fell freely Dbetween
the bars. In this situation the outer periphery of the grate
merely acted as the crest of a circular weir. At some point,
the flow becomes great enough to submerge the opening , and
from then on the inlet operates as an orifice with the
unique shape formed by the openings between the bars.

Iv) Combination Inlet: Since in this configuration,

the curb and gutter inlets are . both operating

simultaneously, the situation is more difficult to
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categorize than the other inlet types. At this stage, it
will be sufficient to note that the same weir and orifice
type of flow was noted as for the gutter and curb inlets,
“but that the points defining the operating ranges of these
phenomina were rather more complex than in the other three

cases. A more detailed appraisal is given in later Chapters.

3.4 WEIR FLOW THEORY

Scrutiny of the observations of the previous section
reveals that two types of weir should be considered. The
free overflow through the side opening of the curb inlet can
best be approximated by a simple sharp crested weir,
although it should be noted that, strictly speaking,
the free fall of water on all sides of the gutter grate can
‘best be approximated by a circular sharp crested overflow of
the type used as a spillway entrance on some small dams¥*,

I) Sharp Crested Weir: The flow profile over a sharp

crested weir 1is shown in Figure 25(A); this is contrasted‘
with a cross-section of the flow through a curb opening
inlet (B), and a gutter inlet at 1low flows (C). It can
readily be seen that the three situations are not identical.
The most significant difference is that the slopé of the ,
which means that the hydraulic grade-line ( the water
surface ) is depressed or drawn down over a greater distance
from the overfall for the side opening and gutter inlets

than for the weir. Many years of experimentation** have

* Design of Small Dams, U.S.Dept. of the Interiour.
** Handbook of Hydraulics (5th ed.), H.W.King, McGraw-Hill.
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FIGURE 25. THE SHARP CRESTED WEIR
COMPARED TO INLET OPERATION
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becomes jet flow
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. indicated, however, that a general weir equation may be
derived for sharp crested weirs varying in height from zero

upwards. The equation is of the form,
1.5
Q; = CLH . ( 3.7)

Where Q;= the discharge over the weir, CFS.,

C = the discharge coefficient,
L = the effective length of the weir crest, FT;,and
H = the height of water over the weir crest, FT.

The discharge coefficient C is really a measure of the
effect of the incoming wvelocities as determined by the
height of the weir; hence the differences between the three
flow situations as shown in_Figﬁre 25 .are taken care of by
this constant term, and equation 3.4 may bevapplied to
either the practical curb opening situation, or to the low
flow gutter inlet condition. |

Since the curb openiné is not continuous it 1is
necessary to apply an empirical formula for effective weir
length*;

L =1L' - 0.1NH , ( 3.8)

Where L' = the measured length of the weir crest, FT.,

and N = the number of contractions in the weir crest.

11) Circular Sharp Crested Weir: Although this

situation is obviously different from the weir considered
above , equation 3.7 still describes the behaviour of a
circular or odd shaped weir; the crest 1length is simply

measured alony whatever is the irregular shape of the crest.

*Discussion of Precise Weir Measurements, Rehback,T., A.S.C.E.
Trans., Vol. 23, 1929.



78

Of course, each particular shape will have its own diScharge
coefficient.

It should also be noted that the discharge coefficient
reflects the defenitions one has chosen for H and L. Thus,
the fact that for the curb opening the H will be measured at
the face of the inlet, and that L is measured around the
sguare periphery of the gutter grate inlet, will be
accounted for in the C value éppearing in the respective

equations.

3.5 Orifice Flow Theory

There are two types of orifice éituations which apply
té the preseht study. The first is an orifice set in a
vertical plane and the sécond is an orifice 1in the
horizontal plane. These correspond to the submerged curb
and gutter inlets respectively, as shown in Figure 26.

For any orifice which discharges into the atmosphere
the discharge can be determined by the following empirical
expression;

Q, = caf2gh (3.9)

where Qi = the flow through the orifice, CFS.,

C = the discharge coefficient,

A = area of the clear opening of the orifice, FT%, and

h = the height of water over the orifice (see Figure

26). FT.
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FIGURE 26. INLETS OPERATING AS AN ORIFICE
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The discharge coefficient accounts for the shape of the
inlet (which in this case is irregular due to the grating
over the opening), and the variance in the flow velocities
in the wvicinity of the inlet. The value of C will be
determined from the test data for each particular situation

in which orifice flow occurs.

3.6 The General Flow Equation

A close inépection of equations 3.7 and 3.9 reveals
that they are really of the same form., For weir_ flow, the
length of the weir crest L may be kept constant and as a
result‘may be made a part of the equation coefficient C.
_Aiso the exponent, which was given as 1.50 for a straight
welr crest perpendicular to the flow, may assume different
values for varied crest configurations; hence, it could be
expressed as a variable n.

In the case of orifice flow, the area of the opening A
when it is kept constant, and the value of ,/2g, may both be
included as a part of the equation coefficient C. Where the
shape of the orifice is not circular and sharp edged, the
flow through the opening may not vary as h1/2. " Instead, the
flow could be expressed as a function of hrn where n is some
as yet indeterminate exponent.

For inlets of constant dimensions, it is thus possible

to formulate a general flow expression which will be valid
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whenever the flow through the inlet is either weir or
orifice controlled. This equation is:

n
Q. =Ch . (3.10)

i

The above formula is an exponential function and as
such, when Qi is plotted on leogarithmic graph paper as a
function of h, the ;esult will be a straight 1line for
constant C and n values. When the &alues of C and n change,
the slope of the straight line will be altered.

The values of C and n for any section of the
logarithmic plot with constant slope may be determined in
the following manner:

Exponential function 3,10, when plotted on logarithmic
paper éan be rewritten as

| log Q; = n log h + log C . (3.11)
For any section of the plot with a constant slope, the

value of the coefficient may be evaluated by first

determining the value of Q; at the point where h = 1,00,
since the logarithim of 1.00 is 0.00, whexre h = 1.00, Q; =
C. Similarly, if the value of h is found where Q; = 1.00,

then the exponent n may be evaluated from the expression n =
-logC/logh.

It should be noted that, although a particular curve
may not include the region in which Q,; = 1.00, or h = 1.00,
the curve may be extended to include these numbers without
detracting from the accuracy of the values obtained for the

coefficient and exponent.
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CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

b.1 INTRODUCTION

Since the central purpose of this study was, as has
been discussed in .the opening chapter , to test the storm
water inlets of the City of Winnipeg, an experimental
program had to be formulated to meet this end. This really
consisted of a series of steps, with each step involving two
decisions. First, it had to be décided what information was
required from thé tests to fulfill the goals of the study,
and secondly, what was the best method of obtaining that
information taking into account expediency, accuracy, and
physical limitations. A brief outline of the factors
involved in this decision-making procesé will be given here,
in Table 3, with the actual choices and the reasoning behind

them following in the remainder of this chapter.

b,2 MODEL ROADWAY

For reasons that have been dealt with earlier in this

paper*, the types of inlets to be tested and the approach

* Chapter I, pps. 6 ~ 8; Chapter II, pg. 11.



TABLE 3:

STEP

Choosing the type
of model

Choosing the
conditions of flow

DECISION

Model scale

Model size

Model layout:

Model adjustment

Model construction

" Where to introduce

the flow into the
model

FORMULATING THE EXPERIMENTAL PROGRAM

FACTORS

Size of the laboratory
Effects of scale on the results

Size of the inlet appurtinences
to be tested

Boundary effects caused by making
the model tco small

Length of gutter required to fully
develope the flow

The layout of a modern, standard
Winnipeg roadway

What quantities would it be desirable
to vary, keeping in mind that a
general expression is sought

What range of values are used for
the geometry of the road and inlet
in actual practice

"Loading of the model while its

operating
Ease of operation
Simplicity of erecting

The actual conditions of storm
wakter flow

€8




STEP

Choosing the
conditions of flow

Taking of
measurements

TABLE 3 ..... Continued

DECISION

Where to introduce
the flow into the
model

How to control the
flow

What meésurements
to take

Location of
measurements

Accuracy of the
measurements

FACTORS

Physical layout of the lab

Maximum ‘and minimum required
flows

Size of the flow increments
required in the testing

Ease of operation
Permissable. turbulence ie. are
baffles required?

The physical gquantities as

indicated by the = oery of Ch. 3

to: (a) Determine the capacities

of the inlets (b) Formulate a

general expression of inlet behaviour

Fluctuations which may render the
reading inaccurate

Ease of taking measurements

What quantities have been decided
upon as necessaxry

Order of accuracy desirable

Accuracy with which instruments may
be read

h8
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flow conditions to be simulated, were to be limited to the
reproduction of the storm water inlet conditions encountered
in the Winnipeg area. This factor eliminated the need to
duplicate many of the conditions which have been modelled
elsewhere and have been summarized in Chapter II of‘this
work.,

Actual full-scale castings of the storm water inlet
appurtenances used by the City of Winnipeg Engineering
Department were made available for these tests; hence,
rather than scale them down to smaller dimensions, it was
decided to test the full scale inlet. This in turn meant
“that a full-scale model of the roadway which would determine
the approach flow conditions into the inlet would have to be
constructed,

The impracticability of constructing the model with a
width equal to a full curb to curb street width was
apparent. The impoundment of water on the pavement to a
depth greater thén the road crown ié seldom tolerated in
actual practice and also the flow conditions as far away
from the inlet as the> centreline of the roadway are of
little or no importance in the operation of the inlet.
Therefore, the model width was restricted to eight feet with
a vertical wall forming the boundary on the side
corresponding to the street centreline. Figure 27 details
the model. | |

With regards to the 1length of the channel, the main
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consideration was that the model be long enough to allow
full development of the flow as it approached the tested
inlet. Twelve feet was chosen as an adequate distance for
this purpose and therefore each section (Figure 27) was set
at this length.

Since in the Winnipeg area almost no flowby type inlets
are in use, it was thought necessary to reproduce only the
so-called sump condition in these tests. Hence, each
section of the channel must slope towards the inlet and
these slopes must be fully adjustable. Also, the model must
have a constant slope towards the gutter section
corresponding to a road croWn slope, which could be altered
to simulate the various crown slope values encountered in
actual practice. These requirements were met by the use of
cement block pieis of varying heights as shown in Photograph'
1, upon which the channel is rested.

It was decided that only one surface material would be
used for the channel throughout the tests. Since most
thoroughfares in the City of Winnipeg are surfaced with
concrete, a thin layer of this material was placed on the
model surface. Light guage reinforcing was used to bond the
concrete to the roadway and the surface over which the water
would flow was trowel finished. The roughness value of this
surface was not determined by tests, but rather the value of
"n" was selected from a handbook. The edgé of the flume

corresponding to the curb of an actual street was also faced
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with concrete.

Although the structural features of the model,
strength, framing, and support have no direct bearing on the
final results of these tests, it was nonetheless though
prudent to include a structural plan which may prove of some
use to future investigators. This plan is found in Appendix
A,

The roadway was constructed entirely of wood following
a design performea by the author to meet the expected
loading conditions and to minimize deflections*. As is
shown in Figure 27, the model was built in two half
sections, each section being a duplicate of an actual
roadway from curb to crown. These halves were connected
with a waterproof, flexable joint at the center so that each
could be sloped towards the center and produce the sump
condition sought, and also so that these slopes could easily
be adjusted. Both sections were identical.

The first step in the construction was +to build a
rectangular framework consisting of three, four inch by four
inch, longitudinal beams, and two inch by four inch joists
at two foot spacings, both of white spruce. Overlayed on
this framework were four foot by eight foot sheets of
half-inch plywood which was the basis for the roadway.
Eighteen inch wide lengths of plywood were then fastened to
the outside longitudinal beams, perpendicular to the

flooring; this was the flume siding. The same procedure was

* Timber Construction Manual, Can. Inst. of Timber Const.
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used to apply walls to the end of each section. Then the two
sections were mounted on cement block piers (Photograph 1),
the open ends butted together and was sealed with a
waterproof Jjoint. A fine guage chicken wire mesh was then
tacked to the flooring and one sidewall (which would
represent the roadway curb). On the floor a one-half inch
layer of concrete was placed using screeds, and then trowel
finished, while for the siding, forms were .cénstructed and
utilized to place a one inch thick curb, wet trowei finished
after the removal of the forms. The.entire structure was
sealed water-tight except for an opening on one side to

accomodate the inlets,

4,3 °~ INLET APPURTENANCES

As has been previously stated, the inlet appurtenances
used in these tests were actual castings of inlets being
installed in the Winnipeg area at the present time. They
have been in use for some while here and there is no
indication of a change to other types in the near future.

All of the devices tested were of cast iron.

4,3.1 Curb Opening Inlet Grate

Since this work was to be  practically oriented to
situations encountered 1locally, that is in metropolitan
Winnipeg, it seemed unnecessary to conduct tests on ungrated

curb openings as few have been used in the city. Following
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the above reasoning, since there is only one standard curb
opening grate in use here, only that grate was tested. The
casting is detailed in Figure 28(A). The measured length of
the grate\openihg is equal to fourteen inches, and the area
of this opening is 0.855 square feet.

The curb grating was used in three different
situations:

i) Curb grate with no local depression below the
normal crossfall of the roadway.

ii) Curb grate with 1local depression (section 4.5)
below the normal crossfall of the pavegent.

iii) Curb grate in combination with a gutter grate of

the type described in section 4.3.2.

4,3.2 Gutter Grate

The standard gutter grate used in the City of Winnipeg
is shown in Figure 28(B). Using the dimensions of this
drawing, it is quite a simple matter to calculate the basic
grate properties. The equivalent length I, of the grate is
0.875 feet, while its width is 0.843 feet, and the total
area of opening between the bars is 0.82 square feet.

This grating was used in two different situations:

i) Gutter grate set flush to the pavement surface in
the gutter section immediately adjacent to the street
curbing;

ii) Gutter grate set flush to the pavement surface in
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FIGURE 28. CITY OF WPG. STANDARD INLET GRATES
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the.guttef section and adjacent to a curb inlet set in the
curb,

The practice of setting grate inlets in a local

depression in the gutter section is not generally followed

in the City of Winnipeg.

.4 INLETS
The actual inlet configurations tested are four in
number. They are illustrated in Figure 29%,

i) Undepressed Curb Inlet: The fact that the curb

height 1s only six inches above the gutter surface means
that the full opening (eleven inches high) will not be
utilized. Thus, the total area open to the flow is reduced
to 0.354 square feet.

ii) Depressed Curb Inlet: The gutter is depressed two

inches below the normal pavement surface in the vicinity of
the inlet (section 4.5). This increases the available area
of opening to 0.520 square feet.

iii) Gutter Inlet: This inlet employs the standard

gutter grate as described in section 4.3.2.

iv) Combination Inlet: This configuration consists

simply of an undepressed curb inlet, and a gutter inlet,
located adjacent to one another, the length of both grates

being about equal.

b.5 STANDARD DEPRESSION

* The gutter grate inlet is not shown by itself, but in combination



FIGURE 29. STANDARD INLET CONFIGURATIONS
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Previous research* has indicated that by depressing the
gutter section below the normal pavement crossfall in the
vicinity of a curb inlet, the capacity of the inlet is
increased over the simple undepressed case., For this reason,
the City of Winnipeg has adopted a standard depression to be.
used on many of their installations. This depression. was
used in the present study. It consists of an area
semi—cifcular in plan, with a radius of two feet centered at
the center of the curb inlet. From the circumference of this
circle inwards, the pavement slope is such that the surface
of the gutter is depressed two inches below the normal
surface established by the pavement crossfall. Figure 29 (B)
shows this depression.

In building the model, a semi-circular area in the
flume flooring was constructed two inches lower than the
remainder of the floor (see Appendix A). This was filled
with concrete for teéts of the undepressed inlet, but was
sloped towards the inlet at one inch per foot using concrete

for the depressed inlet tests.

b,6 ESTABLISHMENT OF CROWN SLOPE

The theoretical analysis of Chapter III indicated that
one of the variables influencing the inlet performance
tests, which had to be simulated in the model roadway, was
the pavement crown slope or the slope of the road surface

from the centerline of the roadway to the point at which the

with a curb inlet.
* Chapter II, pps. 40 - 44,
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pavement meets the curb. It was decided that this slope
would be continuous; that is, that there be no local
increase in the slope immediately adjacent to the curb.
This was, in fact, consistant with paving practice in the
Winnipeg area.

As is shown in Photograph 1, each of the two flume
sections was placed on a series of concréte piers, the
elevation at the centerline edge being greater than that at
the gutter edge, imparting the desired slope to each
section. Crown slope adjustment could be affected by
raising the centerline. edge off the piers using hydraulic
jacks, placiné pre-measured plates on these piers and then
easing the flume section back on its supports, hence
increasing the c¢rown slope. All such slopes were checked

using a Theodolite leveling instrument and surveyor's rod.

4,7 ESTABLISHMENT OF GUTTER GRADES

The dimensional analysis of section 3.2 indicated that
the approach slope of the gutters was an important factor.
In order to relate the slope of the channel bottom parallel
to the curb and towards the inlet, to the inlet behaviour,
it was necessary to establish these values with some degree
of accuracy. After the crown slope had been set at fhe
initial value, the rear corners of each section of the model
were raised an equal amount by means of hydraulic jacks.

Shims were used between the piers and the footings in order
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to equally distribute the load. In this way, a gutter slope
was imparted to each channel section by means of these shims
without disturbing the crown slope. These grades were also
checked wusing a Theodolite level and surveyor's rod. In all

tests, both gutter slopes were kept equal.

4.8 FLOW MEASUREMENT

The use of a model roadway with two adjustable approach
grades sloping towards the location of the tested inlet,
necessitated the construction of two accurately calibrated
sources of flow. These sources were to meet the following
requirements:

i) accuracy of measurement to within five percent.

ii) design accuracy to be maintained to a lower limit
of 0.10 c.f.s. and an upper limit of 3.00 c.f.s.

iii) The flow sources must be readily adjustable.

iv) instrumentation that could be read quickly and
easily and which would allow the two flow sources to be
equalized with a minimum of effort.

Figure 30 shows the location cof the sources and labels
them FEast Flow and West Flow respectively. The physical
constraints of the laboratory mitigated against the wuse of
identical flow measurement techniques.

A triangﬁlar or V-notch weir with the central angle
equal to ninety degrees was used to gauge the West Flow. An

adjustable point gauge with electronic level finder provided
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measurements of the head over the weir to an accuracy of
0.005 feet. This arrangement is illustrated in Photograph
2. The entire device was calibrated using the laboratory's
float gauged volumetric tanks and a stop watch.

For the East Flow source dimensional constraints
dictated the use of an orifice meter freely discharging into
the atmosphere. Pressures upstream of the orifice could be
read by means of a gauge threaded into a piezometer opening
in the approach pipe. The gauge used was &a Bourdon type
with a scale range of zero to thirty p.s.i.g. The Bourdon
mechanism itself had an accuracy of 2.00 percent. A
calibrated V-notch weir box using an electronic point gauge
to measure the head over the weir was the apparatus used to

calibrate the orifice meter.

4.9 APPROACH FLOW CONDITIONS

The only way that the field conditions which occur
during an actual rainstorm could be simulated in a
laboratory would be to construct a scale model of the entire
drainage area contributing to an inlet and then somehow to
reproduce a rainfall over this entire region. In order to
represent what is actually happening at the inlet, however,
it is hot necessary (if indeed it were possible) to know
what is happening over the entire catchment area, but only
how much total flow that area contributes. This is because

once the flow reaches the inlet, it has (except for the
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PHOTO 33+ EAST SOURCE MEASURING DEVICE

PHOTO 4; OVER-ALL VIEW OF APPROACH FLOW CONDITIONS
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negligible amount of rainfall on the immediate few square
feet around the inlet);been entirely concentrated in the
gutter section. |

For the ‘present: study, it was decided that the flow
entering at either endjof the model would be spread over the
entire width of the roédway by means of an overflow sill
placed across the wid%h of the flume where tﬁe flow enters.
In this way, the 'bulk of the flow would still be
concentrated in the gutter section due to the cross slope of
the model but the small amount of sheet flow in the area of
the tested inlet would still be simulated. It was thought
necessary also to instéll a baffle across the entire width
Qf the flume at either end, to damp out any turbulence which
may have arisen from the passage of flow from the sources
into the model. This baffle consisted of a number of blocks
of a very course fibrous material placed end-to-end across
the roadway. Figure 30 /illustrates the sill and baffle while
Photograph 4 shows thejapproach flow.conditions of the model
in operation. | |

4.10 MEASUREMENT OF lePTH OF FLOW ADJACENT TO THE CURB

Since one of the chief criteria for inlet capacities is
the depth of flow of tﬁe storm water immediately adjacent to
the roadway curb, the édcurate measurement of this depth was
qritical to these séries of tests. The recording of this

depth was complicated iby the fact that there were two
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distinct flows apprdaching the inlet, and although these
flows were to bé equal in magnitude, it would be
unreasonable to expeat that they would be exactly so,
considering that two{different sources were in use. Also,
it had to be resolved how close to the curb and how close to
the inlet these measur?ments should be taken. The 1location
of the measurements debided upon is shown in Figure 31 which
points out that fouf depth measurements were taken of the

approaching flows. A | natural check was present on the
equality of the two f;ows; if the upstream depths on either
side were egual, then bresumably the flows would be equal.
The 1location of the bbservation of depth on either side of
the inlet was at a Kpoint just upstream of where the
streamlines were affécted by the presénce of the inlet a
distance of 32.5 inches from the center of the inlet, and
then two more at 5%5 inch spacings closer to the inlet.
Another reading was taken six inches from the inlet center.
The depth at each 1oca£ion was observed as close to the curb
as possible without ac#ually touching it. The vertical datum
was the road surface immediately adjacent to the curb.

The readings weré taken using two point gauges solidly
fixed to a trolly, which rolled along an immobile metal
framework, as seen in ﬁigure 317. These gauges were equipped

with electronic 1level finders and provided an accuracy of

.0.005 feet.
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\
4,11 TESTING PROCEDURE

The testing ‘procedure really involved two distinct
phases; the first phase was the adjustment bf the apparatus
to the desired setting before each test run, while the
second was the testing itself.

Prior to each test, the following steps were followed:

(1) Using a surveyor's level, the crown slope and
gutter grades of the flume were determined.

(2) Using hydraulic jacks to lift the structure off the
support vpiers, wooden plates of the appropriate thickness
were placed on these supports and the flume lowered onto
them. The plates werebof a pre-determined size which would
impart the appropriate slopes to the model.

(3) The slopes were checked again with +the level and
shims were used to make any adjustments necessary.

For each inlet tested, ﬁhe crown slope was first fixed
at 1/4 inch per foot and the gutter slopes at 0.50 percent.
Then the inlet was tested for a range of flows at this
setting. With the crown slope still fixed at 1/4 inch per
foot, the gutter slopes (both gutter slopes were always kept
equal) were set at one percent through six percent, and
tests run at one percent intervals. Then the crown slope
was raised to 1/2 inch pér foot where it remained as tests
were run for the same gutter slopes as before.

Throughout the program, the testing procedures followed

were logical, orderly, and underwent no changes as the
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experiments progressed. For each test run, the following
steps were followed:

(1) The source valves were open part way and the pumps
supplying these sources were then started causing flow
through the model.

(2) The flow from both sources was equalized at some
very low value, using the control valves and consulting the
source rating curves, and then these flows, once stabilized,
were recorded.

(3) The point gauges measuring the flow depth in the
vicinity of thé inlet were zeroed by recording readings of
the gutter surface at the depth—measuring points. These
readings would later be subtracted from the readings taken
on the flowing water surface to give the actual depths of
flow in feet.

() Readings on the flowing water surface were taken
at the appropriate sections (Figure 31), enough time having
been allowed for the flow to stabilize.

(5) A photograph was taken of the flow in the
immediate vicinity of the inlet.

(6) A dye stream was introduced into the flow and the
flow pattern thus detected was sketched.

(7) The flow from the sources was increased by some
arbitrary increment (taking care to keep both flows equal),
and then steps (4) through (7) were repeated until the inlet

was flooded out. At that point, the pre-testing procedure
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was once again followed to impart new slopes to the model;
having done that, the above testing method was again
employed. |

A standard data sheet wupon which all of the above

readings were recorded in presented in Chapter V.
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CHAPTER V '

OBSERVED DATA

5.1 INTRODUCTION

Having carried out the testing program which has been
outlined in Chapter IV, the observations of these tests must
- be set down in a logical and lucid form.

The test observations really fall into two separate
categories. The first consists of quantities such as depths
of flow which were measured and which could be represented
with a numerical value. The second category contains those
observations which were made during the course of the
experimentation but which wére gualitative rather than
qﬁantitative in nature; this ﬁould include, for example, the
flow patterns sketched after the introduction of a dye
stream into the water.

As four inlet configurations were each tested at seven
gutter grade settings for each of two crown slopes (a total
of fourteen ' tests per inlet), the numerical data is of too
great a volume to present in tabular form in this chapter;
rather the pertinant data will be presented in a graphical

form which will give sufficient information for the reader
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to intelligently follow the calculated results of Chapter
VI. The complete experimental data is given in Appendix B.

The qualitative observations showed less of a variation
and were of a much more general nature than the measured
quantities and, hence, it was possible to summarize them
without omitting any of the pertinant details that would
necessitate presentation in an 'éppendix. These general
observations could be separated into three groups:

i) 6bservations on the type of flow governing the inlet
discharge.

ii) dye tests on the patterns of flow in the vicinity
of the inlet. |

iii) obserxrvations of any unusual features of the flow.

Photographs have been used wherever possible to

illustrate the pertinant gqualitative observations#*.

5.2 PRESENTATION OF THE NUMERICAL DATA

All of the readihgs that were taken during the course
of any of the test runs were recorded on a standard data
sheet which is given in Table 4. When the experimental
procedure of Chapter IV 1is referred to, all of the
quantities in this table are easily identifiable. Since
over sixty test runs were made, the presentation of this
bulk of data in tabular form within the main body of the
work was not though to be either practical or enlightening.

It was decided, instead, to reserve the tabular presentation
*

It was not feasible to photograph the dye tests.



INLET : DEPRESSED CURB CROWN SLOPE : O.50 IN/FT -

EAST GUTTER SLOPE : 5.83 %

DATE TESTED : FEB. 25/7I1 WEST GUTTER SLOPE : 5.84 %

WEST | EAST
FLOW | FLOW EAST y, Ey, Ey

3 Ey4 WEST 9 Wy2 .Wy3
HTQ | P[a|Z, TR v [Z2]R,

Yo | Z3|R3| Y3 |Ya | Z, |R|Y) | Z2|Ra|Y2 | Z3 | R3

TABLE 4. SAMPLE DATA SHEET

(Y
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of data to Appendix B, and to summarize the pertinant
quantities here by means of graphs.

The graphs plotted the total flow through the inlet Q;
= Q1 + Qz, versus the depth of water ponded in front of, or
over, the inlet, yu, on a log-log scale. Since yi4 was read
on koth sides of the inlet centerline, the two values were
averaged to obtain the number which appears on the graphs.

The reasons for choosing this type of plot were four in
number:

i) Previous investigations indicated that for inlets
located 1in sumps the main factor governing the inlet
capacities was the depth of water ponded in front of, or
ovex, the inlet.

ii) A log-log plot would be of great use in dealing
with phenomena described by exponential functions.

:iii) At very high flows, it was not possible to keep
the two flow sources equal and, hence, the normal gutter
flow depths in this range were not equal. Therefore, a plot
including normal gutter flow depths would be useful only for
lower flows.

iv) The damping effect of the ponded water in the sump
would, without question, alter the velocities of the
incoming flow so that the wvelocity distribution and
magnitude associated with normal gutter flow depth would not
apply at the inlet,

For each inlet tested, a single graph was drawn which
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included the data for all of the test runs. Figures 32 and
33 are for the curb inlet, undepressed and depressed
respectively., Figure 34 plots the data obtained from the

gutter inlet while Figure 35 is for the combination inlet.

5.3 QUALITATIVE OBSERVATIONS

Qualitative observations of inlet behaviour ébviously
cannot be described by assigning numbers to the flow
phenomena involvéd. What can be done, however, is to
‘combine these obserVatiéns with numerical observations'
recorded at the same time, to allow the assignment of
numbers to describe the 1limits within which these flow
phenomena operate. Hence, the following observations on the
control of flow into inlets may at first sight appear to be
so general as to be useless; however, when they are combined
with the plots of section 5.2, it may weli be possible to
assign a numerical meaning to these observations. ‘This, in

fact, has been done in Chapter VI.

5.3.1 Flow Control at the Inlet

Control of the flow into an inlet located in a sump may
fall into one of three categories. There may be weir
controi, orifice control, or some fluctuation between these
which  is best called indeterminate. The criteria for
classifying the flow as one of the above are the following:

i) Weilr Control: In order that weir control determine
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a . sump, very low flows could not properly be termed weir
controlled as the flow from either side had entirely dropped
into the inlet before joining in the center to form a
continuous étream vover the crest length*; there was no
ponding of water in front of the inlet. Since this
condition is not amenable to simple mathematical analysis,
and since the flow range in which it occurs is of iittle
importance in the design of ihlets, it was not analysed in
this paper although it is shown in Photograph 7.
Once flow had begun to pond in front of the inlet, true
weir control was observed. The lower limit of this
phenomena is not of particular importaﬂce, since it occurs
at comparativély low flows. The upper limit of weir control
was noted to_occur at about the same dépth of for all of the
tests, about si# inches. This can Be noted as a change in
curve slope in Figure 33. From Figure 29(C), it can be seen
that the point is located just below the top of the inlet
opening. Photographs 8, 12, 16 and 17 are of the inlet
operating under this condition.

From a depth of ponded water of six inches to seven
inches, the flow was neither weir nor orifice controlled but
fluctuated between the two condifions. Consequently, the
curves of Q; versus Yy were gquite irregular. This
intermediate condition is shown in Photographs 9, 13 and 18.

Once the depth exceeded seven inches, the flow was

quite regular. Between seven and eight inches depth, orifice

* See Figure 15, page 49.
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control prevailed exclusively. When y exceeded eight
inches, orifice flow continued through the inlet, but weir
controlled flow passed over the top of the inlet
appurtenance as over a broad crested weir. It would be
expected that this point would show up on the inlet rating
curve (Figure 33), but such was not the case. Exclusive
orifice flow appears in Photographs 10, 14 and 19, while the
orifice-weir éombination can be seen in Photographs 11, 15
and 20. |

(2) Undepressed Curb Inlet: Since the depressed inlet

differs from the undépressed only in that theie is a steeper
gutter grade and crown slope at the inlet and a larger area
to accomodate the flow, it is not unreasonable to expect
that the same phenomena were obsexrved for the undepressed
inlet operations} but that the depths of flow defining the
limits of these occurences were different. This was in fact
the case. The upper limit of weir controlled flow occurred
at a y value of approximately four inches. Weir control is
shown in Photographs 21 and 25.

Depths of ponding of between four and £five inches
produced erratic flow as seen in Photographs 22 and 26.

Between five and six inches of depth produced exclusive
orifice <control as in Photographs 23 and 27, while the
weir-orifice phenomena produced by water passing over the
top Aof the inlet occurred with y exceeding six inches.

Photographs 24 and 28 depict this.
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(3) Gutter Inlet: At very low flows, the width of

water in the gutter was guite narrow. The water fell into
the opening over the edge of the grating Which. forms an
irregular and changing weir crest, not amenable to
mathematical analysis and of little concern in the design of
inlets. This condition applies in Photograph 29.

As the water began ﬁo pond in the sag, a point was
reached where the width of the ponding exceeded the width of
the gutter grate, and the flow fell into the opening over
the crest formed by the outer periphery of the grate. The
flow was weir controlled over the crest being formed by the
edges of the openings in the grate,‘which formed the sqguare
grate Vperiphery; This crest was certainly irregular in
shape but constant for this flow condition. Weir éontrol
was oObserved wup to the point at which the depth of ponding
at the inlet was about four and three-quarters inches.
Operation in this range is shown in Photographs 30, 31 and
36.

For ponding between four and three-quarters inches and
the upper 1limit 6f " the testing, a rather violent vortex
action was noted which introduced large amounts of air into
the grate opening and prevented true orifice operation. It
should be kept in mind, however, that it was very difficult
to determine if a point had been reached where vortices were
infrequent enough to allow virtual true orifice flow.

Photographs 32, 33, 37, 3% and 40 show intermediate
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operation both at long range and close-up, while Photographs
34, 35, 38 and 41 illustrate apparent orifice flow.

(4) Combination Inlet: At very low flows, before

ponding occurs in the sag, it is impossible to visually
estimate the proportion of flow entering either the curb or
gutter openings.

After ponding has developed, however, the gutter inlet
handles most of the flow, behaving as a weir with an
enclosed rectangular crest. Photographs 42, 46 and 49 show
this. At this stage, the curb inlet cannot yet be said to
be operating as a weir.

When the depth of ponding reaches about twe and
one-hélf inches, the curb inlet begins to operate under weir
control and the gutter grate under partial orifice control.
This condition can be seen in Photographs 43, 44 and 47.

The gutter grate developes full orifice control while
the curb opening is still acting as a weir, and continues
that operation when the curb inlet becomes indeterminate at
a depth of ponding of four inches; reference is made to
Photographs 45, 48 and 50.

When ponding is between about four and one-half and six
inches, both the gutter and curb inlets are orifice
controlled as can be seen in Photograph 51. The capacity of
the apparatus was not such that tests could be run beyond

this point.
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25. WEIR CONTROL
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5.3.2 Dye Test Results.

Since the dye was introduced into the flow on the
surface using a hand oberatéd syringe-type apparatus, the
results obfained ‘were 'of.a very general nature and purely
qualitaﬁive,

Two indications_bf importance were given by the dye
stream. First, the horizontal velocity distribution (on the
surface) of the gutter £flow approaching the inlet was
similar in all of the tests to that which is shown in Figure
36. For a curb inlet (deptessed or undepressed) and

combination inlet, V

May 1S located closer to the curb than

for a gutter inlet.

The second observation made during the dye tests
concerned the circulation of water ponded in the sump, as
shown in Figure 37. The same circular pattern on either
side of the inlet centerline was observed in all cases, with
the only differénce being that as the gutter slopes were
increased, SO the rate of circulation of the water

increased.

5.3.3 General Observations

Two general observations of some interest were noted
during the inlet tests; these were independent of the type
of inlet being tested.

First, at gutter slopes of four percent or greater, the

area of ponded water formed a noticeable 'bulge' in the sag,
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FIGURE 36. GUTTER FLOW VELOCITY DISTRIBUTION
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as is pictured in Photographs 18, 40 and 50. At high flows
(exceeding about two c¢.f.s.) this 'bulge' tended to roll,
first up one of the approaehing gutter slopes and then back
towards the nadir of the sag, back up the other approaching
gutter slope. Beyond four pefcent, this action increased in
violence with increasing gutter slope, so that measurements
of depth and observations of flow control became very
difficult.

The second general observation is with regard to the
surface'turbulence of the flow in the vicinity of the inlet,
for total flows exceeding one and one-half c.f.s. For all
types of inlets; the flow was completely placid with gutter
slopes up to two percent. Beyond this, the flow became
increasingly turbulent untii the 'rolling bulge' described
above was produced.

As in any testing proéram, innumerable observations
were made during the course of fhis study. Those of major
importance are given above, while points of lesser
significance can be observed £from the data presented in

Appendix B,
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CHAPTER VI

EXPERIMENTAL RESULTS AND DISCUSSION

6.1 INTRODUCTION

Having presented the experimental data in the previous
chapter, it is now possible to interpret that data in order
to achieve the two central aims of this study:

(1) To determine the exact capacities of the City of
Winnipeg sump inlets.

(2) To formulate a general mathematical statement for
predicting the behaviour of these inlets under all operating
conditions, |

The first goal seems rather easy to obtain; however, it
must be well understood what is meant by "ultimate capacity"
before actual numbers can be >quoted. The term may be
defined in either of the following ways:

{1) The inlet flow at which the depth of ponded watex
in the sag will not exceed a pre-determined value. (This
value is usually chosen so that one traffic lane will be
left free of water at inlet capacity and will vary depending
on the size of the roadway.)

(2) The 1inlet flow at which the depth of water at the
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inlet does not exceed the height of the curb top.

The formulatidn_of a genérai expression to describe the
inlet flow has several facets which must be considered.
First, an appraisal of the expressions derived by previous
investigators of sump inlets must be checked against the
data of the present study to determine to what extent these
are valid when applied to the City of Winnipeg inlets. Next,
the dimensionless terms derived in Chapter III must be
combined with the data to find out whether or not this
approach may be successfully applied to the design of inlets
located in a sump. Finally, it must be determined if the
constant and co-efficient of the appropriate flow control
formula (weir or orifice) can be found from the data, and
whether or not this approach will produce useful design
equations.

The presentation of the results may then be concluded
with a comment upon the general observations which were

given in sections 5.3.2 and 5.3.3 of the present study.

6.2 CAPACITIES OF CITY OF WINNIPEG STANDARD INLETS

One certain result of the testing program was to reveal
the amount of water passing through the inlets under various
conditions of depth of ponding and width of flow spread on
the pavement; in other words, the inlet capacities. This
information was arranged in a series of rating curves for

each inlet, plotting inlet flow capacity Q; versus depth of
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ponding y, each curve representing a unique gutter and crown
slope. The abscissa of the plot was y; however, two charts
have been included in Appendix C which‘give flow spread as a
function of depth and crowh slope thus, the ultimate design
capacity for any of £he tested inlets may be read from the
graphs regardless of the criteria used to define capacity.
The brating durves were analysed £for each inlet,
revealing the following results, which are discussed

according to type of inlet.

6.2.1 Undepressed Curb Inlet

Having kept all other factors constant during the
tests, it could be concluded from Figure 38 that the
épproaching gutier slope has no effect on the inlet
performance up to‘a slope of four percent. Beyond four
percent, the inlet capacity is reduced slightly with
increasing steepness of the gutter. This decrease is 1less
than five percent, for each percent of gutter slope
increase, at least up to and inclﬁding a gutter slope of six
percent. It also could be observed from the graphs that the
pavement cross-slope was not a factor in the behaviour of

this inlet.

6.2.2 Depressed Curb Inlet

The effect o0f gutter slope in this case was somewhat

more difficult to assess, as the curves were closely grouped
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and in no clear order. The influence of slope for values of
s between one and six, although operative, did not
significantly alter the capacities. The fact that the
lowest slope (0.50%) produced the lowest capacity, and the
highest (6.00%) the greatest £flow through the inlet,
indicates that the slope effect was to slightly increase the
capacity of the inlet with an increase in the gutter slope.

Crown slbpe did not effect the inlet operation.

6.2.3 Gutter Inlet

In the lower flow range (from 0.0 to about 2.50
c.f.s.), the effect of gutter slope is clear. An increase
in the gutter slope causes a decrease in the inlet capacity.
Beyond a flow bf 2,50 c.f.s., however, only the curves for
gutter slopes of one percent or less remain regular. For
slopes exceeding one percent, the flow turbulence causes a
violent vortex action which so disrupts the flow as to
Arender it indeterminate; this action was described in
section 5.3.1. The effect of crown slope appears to be

minimal.

6.2.4 Combination Inlet

The curves seem to follow no logical pattern with
regard to gutter slope, so that no comment could be made on
its effect. It seems odd that this should be the case as

the curves ' are gquite smooth and consistant, which tends to
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dispell thoughts of error in the data. As was the case for
the other inlets tested, the crown slope had no effect on

the performance of the inlet.

6.3 RESULTS PREDICTED BY PREVIOQUS SUMP . INLET DESIGN
FORMULAE |

In the literature review of Chapter II, the design
formulae proposed by other investigators for various types
of inlets located in sumps has been outlined. These have
been summarized in Table 5.

From Table 5, the following conclusions can bé drawn:

(1) All of the formulae are independent of the crown
slope of the'roadway.

(2) All of the formulae are independent of the
approaching gutter-slopes.

(3) All of the curb-opening formulae are of the same
basic form; i.e. Q; ='CynLi.

(4) Since the depression tested in the present study
was of dimensions w = 2', and a = 2", the two formulae
proposed by Karaki and Hanie which are not for depressions
of this size are not applicable to the present data.

When dealing with only one inlet size and a standard
depression, ail of the formulae can be expressed in the form
Q; = £f(y), where y 1is the depth of ponded water at the
inlet. 1In order to compare the design expressions of Table

5 with the data from this study, a graph of Q versus y
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AUTHOR

Johns Hopkins

Karaki and
Hanie

Bauer and
Woo

Zwamborn

TABLE 5: SUMP INLET DESIGN FORMULAE

INLET TYPE

Depressed

and

undepressed curb

Gutter
Combination
Depressed curb
W=1 a=1
W= 2 a= 2
W= 3 a= 3
Depressed curb
W= 2 a = 2
Depressed and

undepressed curb

FORMULA

Q. = 3.0Liy

1.5

Q. = 0.6A /29y

_ 1.7
Qi = 2(Li + 2.4W)(dM + W/12)

Q. = l.7yl'

Q. = 3.0Liy

Q; = (3.0L,y""°) + (0.6A 2gy)

i= l.7(Li + l.SW)(dM + W/12)
Q. = l.S(Li + l.8W)(dM + W/12)

85(Li/2 + 0.9W)

1.5

8

1.85
1.85
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based on the data and on the formulae were used for
comparison. If the data curves coincided with the
theoretical plots, then 1t could be concluded that the
theoretical expression accurately described thé operation of
the City of Winnipeg standard inlets.

As the design formulae were all independent of gutter
slope and pavement crossfall, all of the graphs based on the
experimental data were plotted for a gutter slope of 0.50
percent, and a crossfall of one-quarter inch per foot.
These settings were most likely to favour an expression
which did not consider channel slope, as the gutter
velocities would be at their lowest.

Figure 42 compares the actual and theoretical rating
curves for ali of the tested inlets. From this diagram, the

following conclusions may be drawn on the basis of inlet

type.

6.3.1 Curb Inlets

The experimental data yielded a single curve for both
the depressed and undepressed inlet, the only difference
being that the flow does not begin to spread across the
pavement for the depressed inlets until the depth of flow at
the inlet reaches two inches which is the depth of the
depression. The Johns Hopkins formula16) also yields a
single curve for both of these inlets; the capacity

predicted by the formula is 1less than that which was
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recorded during the testing of the inlets. Using this
formula would therefore have the effect of overdesigning the
inlet by a factor of approximately eight percent; that is,
the Johns Hopkins formula is conservative.

Bauer and Woo have developed a formula‘for depressed
inlets only u); using the form of this expression which
applies to a depression of the dimensions of the standard
Winnipeg depression which was used 1in the present study,
produces the curve shown in Figure 42. At flows below 0.86
c.f.s., the formula diverges from the actual data slightly
more than does the Johns Hopkins expressions discussed
above, but as the flows increase, the predicted performance
convérges towards the actual such that at higher flows, the
two are in almost exact agreement. For design purposes,
this formula would be gquite accurate, as the high flow
ranges are critical in determining the final design.

The formula for depressed curb inlets developed by

7)

Karaki and Hanie ! ;,which applies to a depression of the
dimensions of the one tested, can be seen from Figure 42 to
give results which -are totally incompatable with the tesﬁ
data. Three factors were likely to be responsible for this:

(1) The flows of most interest to these investigators
were much higher than the ultimate capacity of any of the
City of Winnipeg inlets.

(2) The inlets tested were far larger than the

Winnipeg inlets, the smallest having a length of five feet.
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(3) Karaki and Hanie only tested inlets with no

grating.

6.3.2 Gutter Inlets

The only design equation available for gutter inlets
was developed by the Johns Hopkins University 16) . 1t has
been plotted in Figure 42. Only at one point (Qi = 2,0
c.f.8.) does the formula conform to the actual test data.
Up to flows of'2.0 c.f.s., there is a‘ convergence 'towards
the actual performance, but beyond that flow the theoretical
curve diverges rapidly from the empirical relation, so that
in the region of the inlets wultimate capacity, the
difference between the two is greater than thirteen percent,

the Hopkins formula being conservative.

6.3.3 Combination Inlets

The report entitled "Design of Storm Water Inlets" from
the Johns Hopkins University indicated that the capacity of
a combination inlet could be obtained by adding the
capacities of the components, the gutter and curb inlets,
those capacities being found using the appropriate Johns
Hopkins formula. (See Table 5) Figure 42 shéws that this
approach resulted in a close agreement with the test data up
to a flow of 2.50 c.f.s., while beyond that the theoretical
flows were increasingly greater than those determined

experimentally. Although the theory closely approximated
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the data, it Was‘nonetheless based on an incorrect premise.
Simple addition of the empirical gutter and curb inlet
curves did not produceia third curve which coincided with
the combination inlet test data; the curve produced
indicated much higher £flows than were actually observed

during the testing program.

6.4 DIMENSIONAL ANALYSIS INTERPRETATION

Of the twelve independent variables which were used in

the analysis conducted in Chapter III, eight of these were

- recorded on the standard data sheet shown in Table 4, while

the other four could readily be calculated from the
experimental déta. Those calculated variables were the
normal gutter flow depths (the ponded water sometimes
drowned out the furthest downstream reading), y1 east and Y,
west, and the average velocities of the gutter flows at
these depths, VE and.Vw. The calculations were performed’
using the triangular form of the Manning equation for open
channel flow 21'36’38'u0). The channel geometry was defined
by the known crown slopes, and the gutter slopes which were
also known.for each test. The 'n' value for the roughness
of the channel was chosen as 0.016%, which is compatible
with_the trowel finished surface used on the model, The
calculation then merely consisted of choosing a value for
the flow and plugging the known quantities into the Manning

equation to arrive at an answer for the normal gutter flow
*

Drainage of Highway Pavements, Hydraulic Circular #12,
United States Dept. of Transportation.
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depth. The velocity was then obtained by dividing the
chosen flow by the area of flow determined by the normal
depth, | \

It should be mentioned ﬁhat actual velocity readings
were not taken during the tests, as the fluctuations in the
readings were so rapid as to make accuracy impossible. Also
the exact direction of the velocity was difficult to
determine under the very turbulent flow conditioné.

Having made the above calculations, the data was then
applied to the dimensionless terms and various combinations
were tried in graphical dimensionless plots, in an attempt
to assess the wvarious terms. No coherent results were
obtained. The probable reasons for this are:

(15 The normal gutter £flow depths approaching the
inlet and their associated related velocities may have
little effect on what happens at the inlet, since in the
flow range which is crifical to the inlet design, the gutter
flow enters a reservoir formed by the water ponding in the
sag and the incoming velocities are greatly altered by the
reservoir's damping effect and by the rotational turbulence
noted in Figure 37.

(2) The control of flow into the inlet varies over the
operating range, the inlet behaving alternately as a weir,
an orifice, or neither of these. This phenomenon was

described in section 5.3.1.
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6.5 DEVELOPMENT OF DESIGN FORMULAE FOR THE TESTED INLETS

~Sections 6.3 and 6.4 have indicated that, first, the
design formulae developed by other investigators do not
adequately describe the behaviour of +the Winnipeg inlets,
and, éecondly, dimensional analysis does not yield useful

design formulae for sump inlets. Hence, an attempt was made

to develop expressions which would be relied wupon in the

design of the City of Winnipeg standard sump inlets.

In doing this, three points must be kept clearly in
mind:

(1) The observations of section 5.3.1 make it quite
clear that any design formula developed will apply only for
a certain range of operation, due to the changes in the flow
control over the full range of inlet operation.

(2) Only two regions of the rating curve are of
importance to designers. The point at which the ultimate
capacity is reached (and it will vary depending on the
criteria wused to determine the capacity) is obviously of
primary importance. The designer is also concerned with
what happens at even higher flows than this, to gauge the
effect of storms in excess of the design rainfall for the
system, and hence to decide whether or not overdesigning is
desirable,

(3) any formula'developed will apply specifically to
the City of Winnipeg standard inlets and may only be

extended with a certain amount of judgement and caution (see
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section 6.6).

‘The theory of weir and orifice flow was developed fully
in Chapter III. Equationé 3.4 and 3.6 may, for the present
testing program, be reduced to the form Qi = Cyn {equation
3.7), since the inlet sizes were kept constant throughout
the experiments. An equation of this form would result in a
straight line when plotted on a logarithmic scale. This was
expected to happen when a ldg—loé plot was made of the test
data, since orifice and weir flow control were obéerved
during the course of the testing. Figures 32, 33, 34 and 35
were presented. in section 5.2 of this study; these are
logarithmic graphs of Q versus y (depth of ponding) for
each type of inlet. They, in fact, did plot as a series of
straight lines, confirming the form of the inlet equation
given above.

The observations of section 5.3.1 allow the
identification of the fiow control in sections of the curves
in Figures 32 to 35, Wherever the flow control was observed
to be indeterminate, the behaviour of the inlet was very
erratic; hence, no design equations could be developed for
these regions. Wherever the flow was clearly weir or
orifice contrqlled, however, the equation Qi = Cyn could be
applied to the data curves and the coefficient C and the
exponent n could be evaluated* for that section of the curve
with a constant slope. A constant slope on the logarithmic

graphs represented a particular flow control, and a change

¥ ' . )
A First Year of College Mathematics, Brink, Chapter 37.
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in the slope meant that there was a change in the flow
control. Therefore, as mentioned earlier, design equations
had to be developed for particular ranges of operation for
eaéh type of inlet, the limits of these ranges being defined
by the depth of ponded water at which a particular flow
control began and ended.

The légarithmic rating curves for the various inlets
were affected by only three vafiables, the inlet flow Qi'
the depth of ponded water y, and the gutter slope S. This
is because ' the inlet size was kept constant for each type,
and the crown slope Sx was proven not to be a factor in the
performance of the inlet (see section 6.2). Wherever
possible, an attempt was made to relate the values of C and
n of the design equation for a particular range of operation
to the independent variable, the gutter slope S. This was
not possible wherever

(a) no logical relationship existed between C, n and 8.

(b) where the number of design equations for a
particular range was insufficient to determine whether or
not a relationship existed.

The following represents a summary of the development

of the design equations for each of the inlets tested:

6.5.1 Undepressed Curb Inlet

When Figure 32 was combined with the test observations,

it was noted that for the section of the logarithmic rating
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curves lying between the ponded depths of 0.32 feet and 0.42
feet, the flow into the inlet was indeterminate, being
neither weir nor ‘orifice controlled. A very roughly
approximate expression could have been derived for use in
the design of inlets; however, its wuse would be
questionable, considering that slope effects could not be
evaluated by this method. Beyond a depth of 0.42 feet, the
flow was observed to be either orifice, or orifice and weir
controlled. The logarithmic curves were of constant slope
in this range, allowing an application of the general flow
equation 3.7. The method of determining the value of the
coefficient C and the eﬁponent n was used as outlined in
section 3.6. C and n values were tabulated for
each durve, every curve representing a particular gutter
slope, and then a graph was constructed plotting C and n
versus the gutter slope S, as appears in Figure U43. The
discharge through the inlet was seen to vary as the square
of the depth of ponding, with the coefficient varying as in
Figure 43,

In summation, the general flow equation hay be ﬁsed to
design an undepressed inlet utilizing the standard City of
Winnipeg curb inlet grate (Figure 28-2), for any approach
gutter slopes, providing that the depth of ponding designed
for is not less than 0.42 feet. If the designer wishes to
know how the inlet performs at some lower range, the rating

curves of Figures 32 and 38 may be consulted., For depths of
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ponding below 6.32 feet, the general flow equation may be
applied since weir control determines the flow. Values of
the coefficient and exponent could be:found from Figure 32,
This range of flows is of 1little concern to designers,

however.

6.5.2 Depressed Curb Inlet

As can be seen from Figure 33, the zone of
indeterminate fiow for the depressed curb inlet encompasses
a rather narrow range; for depths of ponding greater than
0.54 feet and less than 0.60 feet, the flow is neither weir
nor orifice controlled. The logarithmic rating curves are
not all irregular in this region, however, and in fact they
seem to behave merely as an extension of the weilr controlled
flow which occurs throughout the region below a depth of
ponding of 0.54 feet. Below that wvalue, the flow was
considered to be weir contrblled, and above, both weir and
orifice controlled. As was the case for the undepressed
inlet, there was no indication by way of a change of slope
of the rating curve, where the location was of the point at
which the érate was overtopped and weir flow began over the
grate.

The general flow equation was applied to both the upper
and lower ranges as defined above, and the coefficients and
exponents were evaluated. For the lower range (y less than

0.60 feet), C and n were plotted against the approach gutter
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slope S. This graph is shown in Figure 44. For the wupper
range, however, the curves for each particular slope were
not readily distinguishable. Only one equation was derived
for this range. This design equation is: Qi = 5.60y2.22,
for y greater than 0.60 feet. The above equation is the one
which would be of greatest use to the designer as it
includes the region in which the ultimate capacity of the
inlet would likely be found. Hence, unlike the undepressed
curb inlet, the design of the depressed inlet would be
independent of the gutter slope. It must be noted, however,
that this does not mean that the slope has no effect on the
inlet flow in this range, but only that the effect is not
great enough to be incorporated into as gross an expression
as the general flow equation based on the logarithmic rating
curves. |

The design equations for the upper flow range for the
depressed and undepressed curb inlets are reasonably close
to equality, with the depressed inlet coefficient being
larger by about eight percent. The exponent is
approximately ten percent larger than those values for the
undepressed case. Thus, the increased capacity of the
depressed inlets is due in large measure to the greater
depth of ponding allowed by a local depression in the gutter

surface.

6.5.3 Gutter Inlets




171
FIGURE 43: UNDEPRESSED CURB INLET DESIGN

CURVES
n
1.0 |
G‘._
4‘__
2 I—
2
o
0
< 4.0
)]
L6
|._
[_
D —
b
4 0.6'>y >0.25'
, K
0 | | |

1.0 1.5 2.0
n

FIGURE 44: DEPRESSED CURB INLET DESIGN CURVES



172

Figure 34 revealed that beyond a depth of ponded water
of 0.40 feet, the flow was extremely erratic. This was
described in section 5.3.1, and as was stated there, the
vortices and general turbulence of the flow was so great in
this region that it was obvious that full orifice flow was
not being developed. The apparatus did not have a large
enough capacity to produce sufficient flow to completely
submerge the gutter grate, consequently producing orifice
flow. Because of this, 1t was not possible, using the
general flow equation, to derive a design equation for the
depth range which would include the ultimate capacity of the
inlet. It would be possible to use Figure 40, the gutter
inlet rating curve, to arrive at a number for the
approximate capacity of most practical installationé.

For ponded depths below 0.40 feet, the flow was weir
controlled and the general flow equation was applied to the
logarithmic curves of Figure 34, Once the values of C and n
were determined, a graph was constructed plotting these
numbers against the approach gutter slope of the roadway.

This is shown in Figure us.

6.5.4 Combination Inlet

It was noted from Figure 35 that the logarithmic rating
curves were each composed of two sections of constant slope.
The lower section extended to a depth of ponding of 0.205

feet., From section 5.3.1, this was recognized as the region
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FIGURE 45: GUTTER INLET DESIGN CURVES
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in which flow was weir controlled into the gutter grate with
almost no flow entering the curb inlet. Beyond a depth of
0.205 feet, the curves assumed a steeger slope, with the
test observations indicating orifice flow into the gutter

grate and increasing weir controlled flow into the curb

i

opening. Since the region falling below y 0.205 feet is
of little concern in the final inlet design, the general
flow edquation was applied only to the upper region of the
rating curves. As was done with the results obtained from
the other inlets, C and n were evaluated and plotted agaihst
the guttér slopev S, approaching the inlet. This design
curve appeais in Figure 46.

No discernable relationship could be found between the

combination inlet capacities and the capacities of the

component inlets (gutter and undepressed curb).

6.6 ~ EXTENSION OF THE DESIGN FORMULAE

The formulae derived in sections 6.5.1 to 6.5.4 applied
only to the Winnipeg standard inlets, and their appropriate
grates, since the test data from which the equation
coefficients and exponents were evaluated were only for
these inlets.

In oxrder to extend the design expressions to other
inlet sizes, it would be necessary to re-evaluate the
coefficient C in the equation Qj_= C;I, because of the fact

that this is a generalized form of the weir and orifice
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equations, 3.4 and 3.6. Thus, C in the generalized equation
really contains the value of Li (length of clear opening of
the inlet), when the inlet is operating as a weir, and the
value of A (the area of the clear opening of the inlet),
when it is operating as an orifice. Consider both of these
possibilities:

(1 Inlet Operating as a Weir: Where the design

' . n
equation for the inlet is Q, = Cy , ~the value C may be
i -

divided by the wvalue L , the inlet opening length for the
i

tested grate, to yield a new coefficent C' which is
independent of the size of the inlet. When an inlet is
being designed which 1is either larger or smaller than the

n
tested appurtenance, the design equation becomes Qi = C'Li y

(2) ~Inlet Operating as an Orifice: Again the design

equation is Qi = Cyn. The coefficient C is divided by the
area of the inlet opening A, to yield C' which is
independent of the size of the inlet. For designing an inlet
of different size from the City of Winnipeg standard inlets,
the design equation then becomes Qi = C'Ayn.

Three notes of caution must be sounded with regards to
the extension of the empirically derived design formulae.
First, since no tests were conducted in which the inlet size
was treated as a variable, the above extension is a purely

theoretical analysis based on weir and orifice flow theory

as outlined in Chapter III of this work. This extension
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should not be applied where any better means of determining
capacities is available. Furthermore, if it is applied, a
clear understanding of its approximate nature must be well
understood. éecondly, the extension is likely to lose even
its approximate wvalue 1if it 1is applied to inlets with a
geometry differing from that of the test grates. Thirdly, a
complicatioﬁ arises in connection with combination and curb
inlets which cannot be accounted for by the extension of the
design formulae derived above. In the case of the
combination inlet, the flow is handled by two separate
openings, and at no time during the test program was it
determined how much flow passed through each. Hence, the
single coefficient C of the inlet design equation includes
both the length of inlet openings L; and the area of inlet
openings A. However, the effect of each will not simply be
a linear one as with exclusive wier or orifice contrel; at
least such a supposition is totally unwarranted without
extensive testing. The general design equation cannot then
be extended to other sizes of combination inlets without
further information being available. A similar problem
arises when a curb inlet grate is overtopped. In this case,
the flow is orifice controlled through the grate, and weir
controlled over the grate, the exact proportioning of the
flow being unknown. Exactly the same difficulty 1is
encountered as for the combination inlet; C contains both Li

and A, and this fact prevents the extension of the curb
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inlet design equation to inlets of varied size, for flow

depths exceeding curb-top depth.
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CHAPTER VII ‘

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The conclusions drawn £rom this experimental study
follow logically from the results which were given in
Chapter VI. They are presented below in the same order in
which the results appeared in the previous-chapter.

(1) The inlet rating curves presented in Figures 38 to
41 may be wused to determine the capacity of any standard
City of Winnipeg sump inlet, providing that the approach
gutter grade does not exceed six éercent.

(2) The pavement crown slope was not a factor in
determining the flow through any of the inlets tested,
except at very low flows.

(3) The gutter slope did have.an effect on all of the
inlets tested. For an undepressed curb inlet, an increase in
the gutter slope caused a decrease in the inlet capacity,
for‘the range of slopes tested. This decrease was less than
one percent for every one percent increase in the ggtter
slope.

For a depressed curb inlet, the slope of the gutter
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seemed to have an influence, but there was no discernable
pattern to that effect. Also, it was so slight (less than
that observed for the undepressed inlet) that it could
safely be ignored. |

For gutter grate inlets, an increase in the gutter
slope caused a decrease 1in the inlet capacity. This
decrease was much less than one percent for every one
pefcent of slope increase; thus, it was significant for
design purposes.

In the casé of the combination inlet, ﬁhere was a
slight wvariance in the rating curves representing the
different gutter slopes. Ité magnitude was very slight and
there was no rational pattern to the effect.

In summation, it can be stated that the gutter slopes
approaching a sump inlet of the types tested in this study
do have an effect on the amount of flow passing through that
inlet. Although this effect may be accounted for, by
ignoring it the designer wduld not be significantly altering
the final system design.

(4) The depressed curb inlet passes approximately
fifty percent more fldw than does the same undepressed
inlet, for the same depth df ponding in the sump.

(5) The increase in the capacity gained by depressed
inlets 1is simple due to the greater depth of ponding
allowable at the face of the inlet opening, rather than the

local increase in the gutter slope afforded by the
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depression.,

(6) The design formula presented by Bauer and Woo
quite accurately predicts the behaviour of the City of
Winnipeg standard depressed curb inlet. This expression
could be used in design with very good results.

(7) The Johns Hopkins University formula 16)  for
designing depressed énd undepressed curb inlets gives
results which are conservative by about ten percent when
compared to the study test data. This expression could be
applied to the design of Winnipeg inlets >of this type to
give reasonably accurate results.

(8) The combination inlets tests showed that the flow
through that inlet could not be determined by adding the
gutter inlet and the undepressed curb inlet flows, for a
given depth of ponding.

(9) The dimensional analysis technique does not offer
useable solutions to problems dealing with sump inlets.
Perhaps it would prove useful if an accurate determination
of the flow veiocities could be made 1in the immediate
vicinity of the inlet, in future test programs.

(10) The general flow equation Q, = Cyn may be
successfully applied to the design of City of Winnipeg sump
inlets, after evaluating the coefficient and exponent from
the test data. Figures 43 to 46 may be used to find the
values of C and n for the various inlets, and these numbers

in turn can be applied to the general flow equation to

4)
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arrive at an accurate design of an inlet system.

(11) The general flow equation method of design may be
extended to gutter inlets of any size (provided that the
grate geometry is the same as the standard Winnipeg grate)
for any depth of ponding below 0.41 feet. Also, any size of
curb inlet (depressed or undepressed) may be designed using
this method, for any depth of ponding below curb-top height,
provided that the grate geometry is the same as for the

inlets tested in this study.

7.2 RECOMMENDATIONS FOR FURTHER STUDY

During the course of this work, it became obvious that,
although the inlets were being isolated from the over-all
storm water runoff system for purposes of study, the results
obtained would have little meaning unless more information
became available concerning the parts of-the system adjécent
to the inlet. The inlet is merely a part of the "inlet
system" leading into the storm drains, which consists of the
following:

(a) the inlet.

(b) an inlet box immediately behind or below the inlet
opening.

(c) a catch basin into which the flow moved befor
entering the storm drain.

(d) - the piping connecting the inlet box with the catch

basin.



182

It is suggested that a 1laboratory test program be
established to determine the performance and effects of the
standard inlet boxes and catch basins which are in use in
the City of Winnipeg.

It also became apparent during the tests that one
investigator with limited time-and funds could not hope to
cover all of the various aspects of the design of storm
water inlets., With this in mind, it 1is suggested that
future investigations be conducted to deal with the
following matters:

(1) Further tests are required utilizing the standard
City‘of Winnipeg inlet geometry, but varying the size of the
tested opening.

(2) Sump inlet tests which are thoroughly instrumented
to record the velocity of the flow in the region of ponding
are required so that a more rigorous mathematical analysis
than that which was conducted in the present study could be
attempted.

(3) More details are required on the standard gutﬁer
inlet. Experimentation using apparatus which is capable of
producing flows resulting in orifice control of +the inlet
would supply this information.

(4) A study of combination inlets located in sumps is
required which could determine the relative apportioning of
the flow between the two components of this inlet.

In closing, one further point is worth mentioning for
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future consideration. The tests conducted in this study
have utilized standard grates installed using a standard
procedure. Future tests will quite likely follow this
approach as well. It would thus be extremely useful for the
~ designers of inlet systems to know how closely the field
installations of the City of Winnipeg standard inlets
conform with the practice of the laboratory investigators.
A survey of some o0f the existing inlets on city streets
would supply this information; the data would consist of the
area of the inlet opening, the(length qf the clear opening,

and the height of the curb at the inlet.
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APPENDIX A

FLUME CONSTRUCTION DETAILS WITH DRAWINGS
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APPENDIX B

EXPERIMENTAL DATA



SYMBOL

H

Ey

Wy

MEANING

Measured height of water over the

welir controlling the West flow

source.

Amount of flow entering the
West end of the model.

Measured pressure upstream of
the orifice plate controlling
the East flow source.

The amount of flow entering the
East end of the model.

Zero reading of the mobile test

gauge before each test run.

Reading taken from the staff gauge

under a particular flow condition

The depth of flow found by sub-

tracting Zn from Rn‘ The standard

locations of these readings may

be found in Figure 31.
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LIST OF SYMBOLS FOR THE STANDARD DATA SHEET

DIMENS IONS

Ft.x10

c.f.s.

p.s.i.

c.f.s.

Ft.x10~

Ft.x10

Ft.x10~

Indicates that the particular depth None

measurement is on the East side of

the inlet.

Indicates that the particular depth None

neasurenment is located on the West

side of the inlet.

3

3

3

3
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INLET: UNDEPRESSED CURB

CROWN SLOPE: 0.50 IN/FT

EAST GUTTER SLOPE : 1.00 %
DATE TESTED : /71 WEST GUTTER SLOPE : 1.00 ¢
Fow | Flow | EASTY, Y2 Bz By | WEST Y, Wy, Wz Wy
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INLET: UNDEPRESSED CURB CROWN SLOPE: (.50 IN/FT

EAST GUTTER SLOPE : 3.06 %

DATE TESTED : /71 WEST GUTTER SLOPE : 3-06%
WEST | EAST
FLOW | FLow EAST y, Ey, Eyz Eyq | WEST y, Wy, Wy, Wy,

HotQup P 1Qoy Zi Ry | Zo|Ra| Yo | Z3|Ra| Y3 |Ya | Z) |Ry|Y) | Z2|Ra Vs | Z3| R3[| Y3 | Vs
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INLET: UNDEPRESSED (CURB

CROWN SLOPE: QO.50IN/FT

EAST GUTTER SLOPE : LI.OQ %
DATE TESTED : /7 WEST GUTTER SLOPE : 4.06 %
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INLET: UNDEPRESSED CURB

CROWN SLOPE: (.25IN/FT

EAST GUTTER SLOPE : 3.08 %
DATE TESTED : /71 WEST GUTTER SLOPE : 2.99¢9%
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INLET: DEPRESSED CURB | CROWN SLOPE: (.25 IN/FT

| EAST GUTTER SLOPE : 3.09 %
DATE TESTED : /71 ~ WEST GUTTER SLOPE : 2.96 %

WEST | EAST
FLow | FLow EAST y, E¥, Evs By | WEST 3 Wy, Wyg Wi

HAQ | PIQ i iRy |y [ Z2|Ra| Y| Z3|Ra| Y3 |va | Z) [Ry |y, | Za|Ra|Y2 |Z3|R3| Y3 | ¥a
©80/1-26|10.500.81 426|866 |440|-20| 860] 440|440 | Bed | 563 | 650|112 |54z | 430 | 098 529|431 | 065] 4T | 182|650 |
615 [097]10.50]0.8| 195 364 7808|368 | | | 185|104 | — dpdi3ez] | 146236} | (4741409 |—
Sol |0.48/10.50]0.81 725|299 Tsp|330] | |738[MIT 60| | [43p|z2d| | |44 |3l | |44G|375]610
5511073 8.50/0.72 680125 645|275 008 1367|520 3501228 3361238 342277 |520
523/0.64} .15 | 0.64 28| 202 6i5]145 633] 312 500 2] l20 316|218 3l | 25]|s00
4741049 | H-25 [0495 5131087 4961 076 Hg1 | 160 | 400 182. | 070 181 {083 221 {156 |Hoo
43610.39] 2.50|0.38] | {509| 03l | [499|079 391 | 070|350 176 | 06Y 1751077 15 | 050|350
soolosel 5300560 | |5v7]08l| | 545125 | [560/239| —| | 1299(137] | lzsaligo| | |273]208 [ —
510 ]0.60] ¢-0010.60 T |S211095]| ¥ |Sgolio| ¥ |Se5i244] —| ¥ |2021150] ¥V |270{172] ¥ |269|R06| —
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INLET: DEPRESSED CURB

CROWN SLOPE: (.25IN/FT

EAST GUTTER SLOPE : 5.10 %
DATE TESTED : /7l WEST GUTTER SLOPE 5.02 <,
\gfci:{r iﬁc?: EAST y| Ev> Byz  |Byq | WEST Y, Wy, Wyg Wig
HAQt Pl 2R |y | Z2|Ra| Y2 | Z3|Ra| Y3 |Ya | Z1 [Ri|Y) | Za|Ra V2 [Z23|R3|¥3 | Vs
464 046 375 |o47|Hos | 453|049 | 290 | 456 | 066 | 287 | 245 | 0es | 380 | 097 [170 | 073071 | 165 | 094 | 018|137 { g |380]
4880.53] 4.25 | 050 4571052 454 | 06 345058 | 400 171 074 169 {048 145 | 127|400
505 |0.58{ 575 {058 459 | 054 454 | 664 19 {132 ] — 170|073 174 | 103 21 {183 ]—
5421070 7-50{0.67 Hb| | 056 4581 068 462, V15 |M40 17) | o1y 235|164 290 | 272490
672.]1-23{10.50] 0-80 715 210 725 335 740} 453 630 464 | 367 4571 384 438 |H20 | 630
637{1.05/10.50| 0.80 684 | 279 e42.| 302 643 | 406 | Goo ~26 34 H2| | 3% 420] H02| goo
604 1093|1050} 0.80 e 245 @30] 240 650|363 | 580 38812a] | | 314|303 377 | 359 | 580
80 | 0.84]10.50] 080 s8q 183 600 | 216 eMb| 359| 550 312J 215 373| 302 3781 360! 550
7031130 [11.00 { 08| 780 | 375 777, 387 7721485] 642 Siz {415 510 | 439 512 | 494|642
M6l jnoofoei] ¥ |86 40| Y 80313 | ¥ |Brz|535{Ge3| ¥ |S6| 16q] ¥ [sHe|475] ¥ |SH6| 5281663
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INLET: DEPRESSED CUR®

CROWN SLOPE: 0.25 IN/FT

EAST GUTTER SLOPE ©.00 %
DATE TESTED : /71 WEST GUTTER SLOPE 6.00 9,
WEST | EAST |
FLow | FLow | EAST Y Eys Bys  |BYg | WEST y, Wy, Wyg Wi
HAQ | P iQ i Zy IR Y |Za|Ra| Yo | Z3|R3| Y3 |Ya | Zy |Ry|Yy | Z2|Ra|Y2 [Z3|R3| Y3 | Y4
530 10-87111.00] 0.82{ 403 [459] 056 | 283|454 | 07] | 285 | 563|278 S6o | 098 | 183 | 685 [062.(343 | 281|000 | 380 | 280 | s60]|
39910.3(} 0.70{0-23 40| 037 439 | 056 62{ 039 | 250 173 074 145 | 083 070 | 070 | 300
H25]0-3p| 1-65]0.3 4] 043 445 | 062, 33( | 646} 350 173 075 154 | 042 01z | 072 | 300
458 o4 | 2.25 lo.431 |. |453]050 Y47 | 06y 342| 057] 350 72| 074 160 | 048 123 | 123|350
H7910.50] 4251 0.50 H55]052 H47 064 _ 3421 057] 350 173 ] 015 165 {103 1481 198 | 350
4901 054| 5.L0 {0.55 457 05y 448 | 065 343 ] 058] 4oo 174|076 1651 (03 230 | 230|400
51710.61] 6-25{0,6! 4581055 4521064 349] 064 1420 177 | 079 194 {132 257|257 420
5301 0-6p} 7.60]0.68 460|057 452 | o 3871 162|460 78] 080 253| 19| 2881 283{ 460
555 07| 8.80{0.713) ¥ |He0fos7| ¥ JHsyloal| ¥ [H73[ e8] ¥ | 8] 083 ¥ |311]24q| V |330|230|—

(A %4




INLET: DEPRESSED CURB

EAST GUTTER SLOPE : 0.492 %

DATE TESTED : /7 WEST GUTTER SLOPE : 0.525%

CROWN SLOPE: 0.50 IN/FT

WEST EAST

Flow | FLow | EAST Y EY2 Bz |BYg | WESTy, Wy, Wyg Wy
HOQ | Pt Zy IR [y |Za|Ra| Y2 | Z3|Ra| Y3 Ya [ Zi (R |V | Zo|Ra|Y2 {Z3|R3|¥3 |Va
652143 110.75] 0.80] 457|950 [493 | 455940 |485| 376|935 | 559 | — [149 | S0 |[H4 [ 144 [589 |445]120 | 5956 1476 | —
160710.9310.75{0-801 | 910 {453 40z} 447 890|514 | — Sz 1393 0|26 538|418 | —
513 10.81]16.50{0-80 835|218 831137 828 {152|630 H44 | %50 S0 {265 444 1374 1630
A7071] 8251073| | |T6p|209| | |T67|312] | |Tsq|4781440] | [433128]| | |432|288| | |442] 320|490
506 0-5815.901059] | 1720 2p3] | | 7z26l27)| | [72413481480] | |2e4]235] | 1380 |236] | |370|250 |4e0
H83 10521430 050 | 1665208 | 14601205] | |6H43] 267420 328/ 119 330| 186 307 | 1871430
45 lo.uf | 340t043] | 1639]182 (37!182 520 (214 |280 201 11520 | 12001156 283 1163 {380
H28103712-50 1038 540|133 573118 463] 0871360 Z50( 10| 2631119 208 | 083360
Hi0 J0.53] 175 [083] | |585]128] | |S6Y|1e4] | [450]o7d |220] | [247\098] | |259| 14 205 | 085 | 330
3510.21 0.50]0-200 ¥ [SH2{o85l ¥ |S4}0gL] ¥ 4371061 |200] Y [240f0q) | ¥ J247[103] ¥ [178]158]300
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INLET: DEPRESSED (CURB

CROWN SLOPE: 0.50IN/FT

EAST GUTTER SLOPE : 2.95 %

DATE TESTED : /71 WEST GUTTER SLOPE : 3.08 %

\;JEOS; iEfﬁOS\TJ EAST Y| Ey2 Ey3 Ey4 WEST A Wy2 .Wy3 Wy4
H Q| P Q| Z Ry |Z2|Ro|Y2| Z3|R3| Y3 (¥4 |Z1 |Ri Y1 [Z2|Ra|Y2 |Z3|{R3|Y¥5 | Yg
717[145{11.00 081 14371 875438 |42 683 |45+| 345 868|523 1660 |10 | 608|468 ] 119 1613 [434] 080|590 |S10 1660 |
G0l 11.00/0.8] 8\q282| | 18241292 | [82514pniedo] | 1S4 4| | 1521293] | |519 | 439)¢40
6 ]0gq0T5 0 80] | [T4p130h| | [72)313] | | MB1403| 630 | |470/330| | |470|35(| | |583181630
56210:17110.00{0-79 7101213 1121283 700 1355 | 600 4232083 4291310 4301350400
53810701 8.00 l0.70] | 1661 |227] | 670\ 24]| | 656|311 |550] | [400 |2Gol | [385]266| | |36B | 288|550
510(0.601 6.0010:60 | | l161179] | {600{17) H90}1M5 (490} | 28811481 | 1290117] 2621182 | 440
H8olo:50l 430 1050] | | G0S!168 5631159 475(130 (450 264129 27]152 193] 113 |Hs0
H40l040| z.85]0401 | 1598]16] szol 141 | 4eq[119 4o 2601120 260] VM| 189 | 109|400
30]030] 140]0-30| ¥ |s5pl11g| ¥ |S5olizl| ¥ |44 100[330] ¥ |z3p)092] v |22f[102| ¥ [154]074|330
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THE GUTTER INLET
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INLET: GUTTER

CROWN SLOPE: (.50 IN/FT

EAST GUTTER SLOPE : 2.04 %
DATE TESTED : /71 WEST GUTTER SLOPE : 2.0) %
\;/EOS‘; ;Eﬁci; EAST Y Ey2 Ey3 Ey4 WEST A | Wy2 .Wy3 qu
H1Q ) P9 | 4 Ry |y |Z2|Ra| ¥2| Z3|Ra| Y5 |Y¥a [ Z, |Ry|Y) | Zo|Ra|¥2 [Z3|R3| Vs | Vs
Q08[270111.5010.83|4501-04]{ 5] 1445]— | — {4261 —| — 1630 (166 { Bl0 @'H 155| — | — 1 p| — | — {g30]
77511°78[11.50 | 0.83 B45] 295 8s5/410 860|424 | 40 5671401 | | 15611{406] | |544 1298 | o
©09)114 | 11.50|0-83 6801230 | 1679(234 6601234 280 340|224 2941234 3591213 280
S650.7811.50 10-83] | 45! 195 636114/ o718l 1220l 1 {312 b 3231168 2l | 165]220
73011:5(}11.50{0-83 2zl | |72 267 (o | 3001350 60|29y /| 306 58| 312 350
15211-67| 1150 0-83 Bos | 258 820|315 8023771390 520 gstj S00| 345 487] 34]1 340
52710.69 7.00 |065| | 62818 GI81131 | 1SB7116[ [160] | {203]137 2| 15| 2811 135] 160
Heplot| 350045 ¥ | SAEIMB| Y 1S4l il ¥ 1558113211001 ¥ 127K 0B | ¥ |267)132] ¥ | 262]tiE 100
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INLET: QGUTTER - CROWN SLOPE: (.25 IN/FT

EAST GUTTER SLOPE : 1.02 %
DATE TESTED : /7l WEST GUTTER SLOPE : .03 %
WEST - | EAST
Flow | Flow | EASTY, EYa Bz |Bg | WEST y WYz Wz Wi

H1Q | P IQ | Zy Ry [y | Z5[Ra| Yo | Z3| R | Y3 [ Y4 |2y |Ry |V} | Z2|Ra| Vs |Z3|Rs|vs | Vs

835 12-17111.250.83|463| 880 | 417 [4501 889 {424 |50 900 (4500 166 | e H38 ] 1601 602 | 442157 A3 1436|450

Boo1.97 18s0l387| | |edalaag! | ledl[2q]Hi0] | 1545319 | |s42138p] | [527/370M10]
770]1.77 Bio|347] | leoeladBl | |Bn2[35213801 | |52|346] | |sed[344] | [H8R[23]4d0
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INLET: GUTTER

CROWN SLOPE: 0.25 IN/FT

EAST GUTTER SLOPE : 3.00 %
DATE TESTED : /71 WEST GUTTER SLOPE : 2.97 %
Fow | Flow | EAST Y, EY, Bz |Byg | WEST Yy Wy, Wy My
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THE COMBINATION INLET
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INLET: CoMBINATION

CROWN SLOPE: 0.25 IN/FT

EAST GUTTER SLOPE : 1.00 <%
DATE TESTED : /7l WEST GUTTER SLOPE 1.00 <%
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INLET: CoMBINATION

CROWN SLOPE: (.25 IN/FT

EAST GUTTER SLOPE : 2.06 %
DATE TESTED : /7 WEST GUTTER SLOPE : 2.01 %
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INLET: CoMBINATION

CROWN SLOPE: G.50 IN/FT

, EAST GUTTER SLOPE 0.99 %

DATE TESTED : /71 WEST GUTTER SLOPE : 097 %

T AST

\;JE(;SW ?ng EAST ¥, EYp Bz |BYg | WESTY, Wy, Wy Wi
H1Q | PIQ Zy Ry 1Yy [Z2|Ro| Y2 | Z3|Ra| ¥z |Ya | £ |Ry|Y) | Z2|Ra|V2 [Z3|R3|¥3 | Vs
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INLET: ComaIinATION

CROWN SLOPE: 0.50IN/FT

EAST GUTTER SLOPE 2.02 %
DATE TESTED : /7l WEST GUTTER SLOPE 1.96 9%
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INLET= CoMBINATION

CROWN SLOPE: 0.50 IN/FT

EAST GUTTER SLOPE

: 4.01

Yo

DATE TESTED : /7! WEST GUTTER SLOPE : 4.03 %

Flow |row | EASTY, EYa. By By | WEST y Wy, Wiz Wy
R Q| PIQ Zy Ry |y | ZofRo| Y2 | Z3|Ra| Ya | Ya | Z1 |Ry|Y) | Zo|Ra| Y2 |Z3|R3| Y3 | Vs
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APPENDIX C

CHARTS SHOWING FLOW SPREAD vs. DEPTH OF

FLOW FOR CITY OF WINNIPEG STREETS



T FT.

C-1| DEPTH VS

SPREAD FOR S, =0.25 IN/FT
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C-2 DEPTH VS SPREAD FOR S, = 0.50 IN/FT

T FT.
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