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PROGRESS REPORT, COMMITTEE ON 

SURFACE DRAINAGE OF HIGHWAYS 

December 1947 

C. F. IZZARD, Chairaan 

The third annual meeting of the 
Committee on Surface Drainage of 
Highways was held on December 1, 
1947 with nine members present and 
three others reporting by letter. 
The major part of the meeting was 
devoted to discussing the Drainage 
Guide prepared by the Ohio Depart­
ment of Highways and to reports on 
progress of research projects in 
which the Committee is interested. 

Ohio Drainage Guide - The Ohio 
Drainage Guide is part of a Plan 
Preparation Manual and is intended 
primarily as a tool to facilitate 
hydraulic design of culverts and 
small open channels. It does not 
deal with waterways for bridge 
structures. The Guide includes 
23 pages of text and examples dem­
onstrating how to use the 24 charts, 
four of which deal with estimating 
peak rates of runoff, 12 with flow 
in open channels, and eight with 
culvert and . pipe flow . .. J The basic 
principle followed is that of de-, 
signing cu·'lverts as hydraulic struc­
tures to carry a design discharge 
estimated in cubic feet per second. 

··Tire- ~harts enable determination of 
the ·depth of ponding at the en­
trance for any given discharge de­
pending on the head loss through 
the structure measured from the 
tailwater elevation in the outlet 
channel or, in the case of barrels 
on steep grades, on the size and 
shape of the entrance. 

The Committee reviewed the Ohio 
Drainage Guide thoroughly and recom­
mends that other highway depart-

-I-

ments give consideration to de­
veloping similar guides for use by 
their design engineers. It is 
recognized that the weakest point 
in the method is ~he estimation of 
the peak rate of runoff in cubic 
feet per second but as more data 
become available from hydrologic 
studies of the Soil Conservation 
Service, U.S. Geological Survey and 
other agencies, this deficiency is 
gradually being removed. The run­
off chart in the Ohio Guide is 
identical to that published in Part 
II, Roadside Development Report, 
Highway Research Board, April 1940, 
which has been found to be reason­
ably in line with the most recent 
runoff data available on small 
drainage areas. It is suggested 
that each State contact the Soil 
Conservation Service - Research, 
Washington 25, D.C., for latest 
available bulletins on peak rates 
of runoff on small drainage areas 
in that State. 

With suitable charts at hand 
hydrablic analysis of a culvert can 
be made quickly for a range of dis­
charge rates, and for alternate 
types of pipes, or boxes, either 
single or in multiple. The design­
er can then select the most econom­
ical layout meeting the limitations 
on cover over the culvert and for 
freeboard against overtopping the 
embankment or submerging v~luable 
improvements on the upstream side 
of the roadway. The final selection 
of the design discharge may be made 
with reference to the probability 
of excessive damage if exceeded. 
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Handbook formulas which give only 
the required waterway area in square 
feet permit no analysis of the hy­
draulic effect of these many vari­
ables which ought to influence the 
final design. 

The widespread application of 
hydraulics to design of culverts 
depends on reducing the involved 
mathematical formulas to relatively 
simple charts, giving results with­
in practical limits of accuracy, 

which field engineers can use quick­
ly and confidently. The Ohio Guide 
takes a long step in this direction 
but some of the commi ttee memb e rs 
feel that the procedure is still 
too complicated for general use. 
Further simplification and clarifi­
cation is undoubtedly possible. On 
the other hand it must be recogniz­
ed that the field engineers ought 
to be given more training in the 
elements of flow in open channels 
and through culverts so that they 
may be able to apply the working 
charts more intelligently. 

Hydrologic Data - The U.S. Geologi­
cal Survey reported that a number 
of State highway departments are 
entering into cooperative agree­
ments with the Survey, among these 
being Ohio, Missouri, and Georgia. 
These agreements vary in their pro­
visions. Some provide for statist­
ical analyses of existing stream­
flow records to provide data on 
magnitude and frequency of peak 
flows. Some provide for installa­
tion of additional gaging stations · 
on small drainage areas each select­
ed as being representative of a 
physiographic area of uniform run­
off and climatic characteristics. 
In several States agreements pro­
vide for studies by the Survey re ­
garding magnitude and frequency of 
floods and stages of such floods in 
the vicinity of proposed bridge 
sites for use by the State in de­
sign i ng t he br idge wat e rways and 
highway gradelines. Special studies 
of thunderstorms are being made in 

Ohio. In New York State studies 
are being made of floods to obtain 
data for use by the Department of 
Public Works in contesting claims 
by property owners for damages 
caused by such floods. 

The Committee invites attention 
to Bulletin No. 7 of the Ohio Water 
Hesources Board entitled uFloods in 
Ohio--Magnitude and Frequency". 
This bulletin, compiled in coopera­
tion with the U.S. Geological Sur ­
vey, includes tabulation of peak 
flows at 44 gaging stations, fro~ 
which are plotted graphs of the re­
currenc~ intervals of these floods. 
This type of graph enables good 
estimates of the magnitude of prob­
able floods for frequencies not 
greatly in excess of the period of 
record for the stream gaged. By 
comparing floods of a given fre­
quency on drainage areas having 
similar phygicgraphic ~nd clim-~tic 
conditions but varying in size, it 
is usually possible to make fairly 
good estimates of probable floods 
on streams which are not gaged lo­
cated in the same region. 

Rainfa ll intensity - f requency 
duration data compiled by Yarnell 
and published in Miscellaneous 
Publication No. 204 of the U.S. De­
partment of Agriculture included 
only storms through 1933. Since 
that time many additional first 
order weather stations have been 
installed and 14 more years of 
record obtained from the original 
stations. The Committee believes 
that the Weather Bureau ought to 
analyse the data now available and 
publish a new bulletin on intensity­
frequency relations. Data of this 
kind are particularly valuable in 
the design of storm drains for urban 
highways and airports. 

Some runoff data are · bein~ ob­
tained by installation of ~rest 
stage recorders, a simple device 
which leaves ground cork particles 
adh e ring to a staff, plac e d in a 
vertical pipe, at the maximum ele· 
vation reached by the flood waters. 
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An observer records the maximum 
stage and resets the gage for the 
next flood. These gages are inex­
pensive, and if supplemented by 
current meter measurements to es­
tablish stage-discharge curves, can 
yield valuable information on flood 
discharges. Used in pairs or in 
series on a carefully selected 
reach they enable slope-area de­
terminations of discharge. 

The committee noted that a ser­
ies of Regional Hydrologic Confer­
ences is being planned by the Sub­
committee on Hydrologic Data of the 
Federal Inter-Agency River Basin 
Committee for the purpose of com­
piling recommendations from all 
interested Federal agencies as to 
additional hydrologic measuring 
stations needed. The Public Roads 
Administration will cooperate with 
the State highway departments in 
preparing listings of stream-gaging 
stations which would be useful in 
connection with future road and 
bridge construction. 

Stormwater Drainage for Urban High­
ways - A Subcommittee on Stormwater 
Drainage for Urban Highways has been 
formed and is preparing a list of 
problems on which research is be­
lieved to be needed. 

Experimental work on inlet capa­
cities is in progress at the Uni­
versity of Illinois, and at the 
University of Minnesota, as report­
ed elsewhere in this bulletin. Re­
search at the University of Illi­
nois will also include statistical 
analysis of data for about 15 re­
cording rainfall gages in the vi­
cin'"tty of Chicago to provide in­
tensity-frequency duration curves 
and related information for use 1n 
design of stormwater drainage on 
express highways. 

Hydraulic Research on Culverts -
A fundamental investigation of the 
hydraulics of culverts is underway 
at the St. Anthony Falls Hydraulic 
Laboratory of the University of 

Minnesota as a cooperative project 
of the Minnesota Department of High­
ways and the Public Roads Adminis­
tration. The first phase of this 
investigation is a thorough search 
of engineering literature to learn 
what has been done previously. An 
annotated bibliography covering 
about 100 of the more important 
articles is in preparation. The 
second phase of the project is the 
construction of a tilting channel 
in which model culverts may be in­
stalled for testing on various 
gradients. The plans for this ap­
paratus have been approved and con­
struction is expected to start soon. 
The third phase will be measure­
ment of flow through model culverts 
with various approach and outlet 
channel conditions simulating the 
situations commonly encountered in 
the field. One of the initial ob­
jectives will be to develop entra·nce 
and outlet ' sections for pipe cul­
verts which will operate efficient­
ly over a wide range of flows, de­
creasing the headwater elevation 
for peak flows, and minimizing the 
erosion at both inlet and outlet. 
The resulting designs will be modi­
fied as necessary to facilitate 
mass production by precasting, or 
prefabrication, thereby eliminating 
the need for cast-in-place concrete 
headwalls and securing greater 
economy in first cost as well as 
lowered maintenance costs. 

The hydraulic model tests at the 
St. Anthony Falls Hydraulic Labora­
tory will also enable further ex­
perimental verification of the 
theory of flow through short tubes 
as developed by Dr. Keulegan. The 
analytical study by Dr. Keulegan, 
abstracted in this bulletin, will 
be of great interest to research 
engineers since it reveals clearly 
the inadequacies of the empirical 

formulas previously developed from 
limited experimental data. 

Proposed Research on Underscour at 
Bridge Piers and Abutments - The 
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committee endorses the proposal 
made by the Joint Committee on 
Floods of the American Society of 
Civil Engineers for a fundamental 
investigation of the mechanics of 
scour around bridge piers and abut­
ments. In many sections of the 
country it is necessary to build 
bridge foundations in alluvial 
stream beds. At flood stages deep 
scour occurs around these obstruc­
tions placed in the stream and oc­
casionally a pier or abutment will 
fail by undermining. A more funda ­
mental understanding of the forces 
involved in the scour phenomena, 
p a rti cu l a rly the e ff ec t o f l oca l 
eddies, will make it possible to 
design substructures which will be 
safe against scour without exces­
sive cost for eithir construction 
or maintenance. 

(Editors Note: Since the committee 
meeting a research project nae been fi­
nanced by the Iowa State Highway Commis­
sion and the Public Roads Administration 
for model investigation• of acour around 
bridge piers. The work will be done by 
the Iowa Institute of Hydraulic Reaearch 
of the Univera ity of Iowa at Iowa City, 
under the direction of Dr. Hunter Rouae.) 

The committee is gratified with 
the widespread interest now being 
shown on surface drainage of high­
ways. Substantial progresa'is being 
made on the research problems en­
dorsed by the committee. No new 
objectives were set forth, it being 
felt that efforts for the next year 
should be devoted to support of 
projects underway. 

The committee will welcome sug­
gestions as to research needed in 
the field of highway drainage. 
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DESCRIPTION OF APPARATUS AND PROCEDURE FOR 

TESTING FLOW IN GUTTERS AND STORM DRAIN INLETS 

JOHN C. GUILLOU, Univ~raity of Illinois 

The Highway Drainage Research 
Project was undertaken by the Uni­
versity of Illinois at the request 
of the State of Illinois Division 
of Highways and the Public Roads 
Administration. Design engineers 
in the Illinois Highway Department 
have long realized that the data 
for design of highway drainage fa­
cilities is far from adequate. The 
S\ate Division of Highways, faced 
with the task of building hundreds 
of miles of express highways upon 
which traffic stoppage, due to high 
or ponded water would be extremely 
costly, decided to undertake a study 
and to accumulate data for the pro­
per design of drainage facilities 
for these high-speed roadways. 

This project financed jointly by 
the State of Illinois and the Public 
Roads Administration, provides for 
fundamental research to develop im­
proved designs of the various perti­
nent hydraulic fe~tures ~f such a 
high-speed roadway. The actual in­
vestigation will be carried out by· 
the University of Illinois under an 
agreement between t~e University 
and State of Illinois, Division of 
Highways. The purpose of the study 
is "to compile information . and to 
make investigations and tests re­
lating to hydraulics and hydrology 
as involved in highway design, con­
struction and maintenance with the 
objective of improving efficienc~ 
ecomony and safety." 

This objective directs that the 
studies be not only analytical, but 

that to a large extent they involve 
the construction and testing of hy­
draulic models of proposed designs 
and the development of new designs/ 
The features of gr_eatest concern -t-o 
the -ffighway··Department are, flow in 
gutters, flow through gutter inlets 
of various designs and flow through 
a collection system to the point 
where the collection system enters 
the main drain. In addition to this 
laboratory work, an analytical study 

-is- t.o--ee made of hydrology as it af­
fects run-off on the highway pro­
ject. It 'lr"N.1 inc ludeC the study 
of storm paths and patterns relative 

· to the drainage area shape-, including 
a comprehensive review and analysis 
of existing rainfall data, A model 
reproducing any given rainfall hy­
drograph wil-f be used in the lab­
oratory in connection with these 
hydrologic studies. J , 

Th; superhighway project facing 
the Illinois State Highway Depart­
ment in the future ia the Congress 
Street Superhighway, officially 
known as the West Route, in the 
city of Chicago. By directing all 
immediate laboratory siudy to the 
Congress Street Superhighway and 
obtaining results before the actual 
final design ,is completed on the 
project, it wi 11 be poss ib'le to uae 
the Congress Street roadway as a 
'pilot' project. An extensive study 
can then be made of such problems 
as driver behavior and psychology 
and other • •riables not readily 
~daptable to either laboratory or 
pu~ely analytical stud,Y· 
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The Congress Street project is 
of the divided highway type with 
each directional roadway consisting 
of four 12-ft. lanes for high-speed 
traffic and one emergency parking 
lane. Each directional roadway ia 
symetrical about its center line 
except that the emergency parking 
lane is provided on the right side 
of the roadway. The emergency park­
ing lane is separated from the high­
s peed roadway by a mountable-type 
curb. The purpose of this curb and 
gutter ia to channelize traffic 
and remove light precipitation run­
off from the roadway without its 
first passing over the emergency 
parking lane. On the extreme right 
hand side of the emergency parking 
lane is a large circular section 
gutter which is designed to carry 
the hulk of the run-off to the col­
lection system. On the other, or 
left aide of the direetion@l ro@d­
way is a harrier-type curb and gut­
ter which carries the water from 
that half of the roadway to the 
collecting system. The collection 
system then carries the water from 
t he three inlet boxe s to a junction 
and thence to the main drain. 

Because of t he hr oad scope of 
the laboratory investigations, 
several types of hydraulic models 
will he employed in the study. First 
a 1:3 model of a portion of the 
Congress Street project will he 
built. This model will extend from 
the center line of the roadway to 
the outside edge of th·e toe - of -slope 
gutter in width, and in length will 
reproduce a prototype distance of 
140 feet. By varying the amount of 
water supplied to the toe-of-slope 
gutter at the up-stream end of the 
model any gutter inlet spacing may 
be simulated. That is, the model 
will always represent the down­
stream i40 feet of the inlet spacing 
dist~nce. This 1:3 model will be 
used initially to study such design 
features of the Congress Street 
Superhighway as velocity distri­
bution in gutters, efficiency of 

inlet gratings , sheet flow across 
the highway slab and a study of the 
intersection pattern of the sheet 
flow with the gutter flow. The 
model will be of the adjustable 
slope type capable of longitudinal 
slopes varying between zero and six 
percent and transverses lopes varying 
between zero and ten percent. 

The model itself will rest upon 
a trussed model support frame which 
in turn will be supported by hy ­
draulic jacks at alte r nate panel 
points. The model is of simple 
de s i g n , t o fa c i 1 i ta t e rem od e 1 in g 
and consists essentially of 2-hy 
10-in. transverse templates with a 
pl ywood sur face. I t has been de -
cided to use molded Lucite sheets 
for the gutter portions of the model 
io facilitate observation in the 
velocity distribution phase of the 
work. The rest of the model area, 
~•p~•a•n~~ng ~ha ~nA~wny lonao,w~ll 

he covered with 3/8-in. thick Marine 
plywood. The plywood will he treated 
so as to obtain the proper roughness 
for hydraulics imi li tude. The luc i te 
is naturally of the required rough ­
ness. 

The water supply for this model 
will be pumped from a below floor 
level reservoir, or chase, into a 
constant head tank and then to one 
of three outlets, first it may flow 
to the up-stream end of the model 
and be introduced as gutter flow, 
as from an up-stream pavement area 
which is not a part of the model. 
It will then flow down either the 
mountable-curb gutter or the toe­
of-slope gutter to the inlet basins 
and thence return to the chase . 
Second, the wate r may leave the 
constan t head tank in one of two 
hdrizontal pipes whose purpose it 

-fs · t:o · sinfirl-axe~--in ifiie -c·1u1e-~ -t:Ke 
rainfall on the highway slab, and 
in the other case, the run-off from 
the cut slope to the side of the 
prototype roadway. Both of these pipes 
are horizontal and directly above , 
in case one, the center line of the 
roadway and in case two, the toe-
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of-slope gutter. Flow will take 
place through orifices in the sides 
of the pipe. The orifices will be 
about six inches on center for the 
entire length of the model. The 
water leaving an orifice will im­
pinge upon a sheet of plastic screen 
material which will distribute the 
flow evenly as it flows down the 
sheet, and finally will release the 
water at the bottom edge of the 
screen to the model itself. Between 
the distribution pipes and the con­
stant head tank the water will flow 
through valves which are operated 
by a pair of Selsyn motors so that 
any desired rainfall hydrograph may 
be reproduced in the model. By 
using continuous outflow measuring 
devices on the discharge lines from 
the catch basins it will be possib'le 
to accurately measure the denten­
tion period or time lag which occurs 

between the change in rainfall in­
tensity on the highway slab and the 
discharge rate at the catch basin 
outlets. 

The second form of model which 
is to be employed in this investi­
gation~ of a large scale, probably 
1:1~ or even 1:1. This model, 
actually three models in one, will 
consist of three gutters and catch 
basins complete with collection 
system. The only gutter sections 
that will be built on this model 
will be those necessary to accurate­
ly reproduce the entrance and tail­
water condition at the inlet it­
self. This model, too, will be of 
the adjustable slope type. However, 
it will be subjected to a longi­
tudinal slope change of only zero 
to four percent and will not be 
capable of any change in transverse 
slope. The gutters of this model 
will be constructed of light weight 
aggregate concrete to ease the 
change of slope problem. The grat­
ing inlet bars, catch basins and 
the junction boxes will all be made 
of Lucite of varying thicknesses. 
This again is done to facilitate 
the observation of flow character-

istics. 
This model is expected to yield 

data for the more efficient design 
of catch basins, junction boxes and 
grates, data for the elimination, 
or at least great reduction in the 
amount, of air entrained by the 
water in the catch basin. Finally 
a check test on the proper sjze and 
location of collecting system pipes 
which drain the catch basins or in­
let boxes will be made. The piping 
in this model also, will be made of 
Lucite material artificially rough­
ened for hydraulic similitude. In 
this study, too, a system of meas­
uring devices will be used to show 
the time lag between the various 
points of inflow and· outflow from 
the model. Design features develop­
ed in this model study will be re­
produced at 1:3 scale and will then 
be inserted in the 1:3 model of the 
roadway itself. There they will 
be subjected to tests on the inte­
grated structure to determine what 

effect any particular change may 
have on the general problem. By 
adhering to this procedure the 1:3 
model will always be available for 
tests and demonstrations of the 
latest designs. 

The third type of model to be 
employed in this study is not, 
strictly speaking, a hydraulic 
model. It is designed in accord­
ance with the laws of hydr~ulic 
similitude but rather than use 
water for the testing medium a 
Bentonite solution will be used. 
Bentonite is actually a colloidal 
clay, which, when in proper suspen­
sion and subjected to stress, ex­
hibits a remarkable birefringent 
characteristic. That is, when sub­
jected to circularly polarized 
light, those portions of the sus­
pension under different stresses 
show different colors. The differ­
ence in the stress and, therefore, 
the color, is caused by the exist­
ence of an acceleration gradient 
through the liquid at the point 
under question. This acceleration, 
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of course, is indicative of the 
change in velocity. Therefore, the 
color is a direct measure of the 
velocity at any point. The light 
supplied to this model is passed 
through a polaroid screen and then 
a quarter wave plate. This quarter 
wave plate causes the light leaving 
the quarter wave plate to be circu­
larly polarized. The circularly 
polarized light encountering the 
different refractive stream-lines 
in the model suspension is trans­
formed in such a way that the net 
result when observed through proper 
po l a r o id pl a te s i s a c hr oma t ic 
velocity picture. 

This model is expected to yield 
data depicting exactly what flow 
conditions do exist between adja­
cent bars of the inlet grating. It 
will also show exactly what the flow 
condition is in the catch basin it­
self. From this data a much more 
efficient inlet grating and catch 
basin design may be developed. The 
importance of the hydraulics of the 
jet of water flowing between the 
bars of the inlet grate cannot be 
over emphasized when considiring 
air entrainment in the catch basin 
and the discharge pipe. Air en­
trainment is probably one of the 
major problems in the proper design 
of catch basins and inlet boxes. 
With the aid of the Bentonite model 
the design of catch basins is ex­
pected t o be greatly si mplified. 

The space provided for this 
project is on the campus of the 
University of Illinois, in Urbana. 
The main laboratory is on the first 
floor of the Sanitary Engineering 
Building and contains approximately 
1500 square feet. It is in this 
room that all the 1:3 model studies 

will be carried on. Another labora­
tory, containing about 1800 square 
feet of floor space is being read­
ied for construction of the large 
scale model tests. This new lab­
oratory will also contain facili­
ties for testing component parts of 
the project, without it _ being neces­
sary to use either the 1:3 mod~l, 
or the large scale model of the 
catch basins and collecting system. 
This arrangement will make it poss­
ible to study numerous design feat­
ures simultaneously, and thus ~void 
costly delay while awaiting comple ­
tion of a te s t alre ady i n progress. 

The above studies are being 
carried out by the Engineering Ex­
periment Station at the University 
of Illinois. Dean M. L. Enger is 
director of the Engineering Experi­
ment Station. The personnel in­
volved in this particular study is 
composed of students and members of 
the Civil Engineering staff in the 
College of Engineering. Professor 
W. C. Huntington is head of the 
Civil Engineering Department and is 
in charge of all Civil Engineering 
research. Professor J. J, Doland 
is in specific charge of the High­
way Drainage Research Project as 
well as other hydraulic engineering 
research. Mr. John C. Guillou is 
in charge of the model tests and 
other laboratory studies. Several 
research graduate assistants are 
employed and wo r k half t~me on the 
project. It is expected that the 
preliminary tests on the Congress 
Street Superhighway will be com­
pleted by May of 1948. The large 
scale model tests should begin by 
mid February, 1948 and the Benton­
ite model should he in operation by 
mid April, 1948. 
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THEORY OF FLOW THROUGH SHORT TUBES 

WITH SMOOTH AND CORRUGATED SURFACES 

AND WITH SQUARE EDGED ENTRANCES 

GARBIS H. KEULEGAN, National Bureau of Standards 

The University of Iowa tests on 
the flow of water through culverts, 
made some twenty years ago, are 
well known for the extensiveness of 
the measurements undertaken. The 
main purpose of the investigation 
was the establishment of the formulas 
of discharre for culverts. The in­
vestigation proposed the relations 

Q= 
A ·vZgH 

Ii + o. 3ll)O. 6 + o. 0261 
( 1) 

and 
DL2 

Q= 
Av2gtt 

Ii + 0.16If.>•6 + 0.1061 
1)1,2 

( 2) 

as the formulas of discharge for 
concrete and corrugated metal pipes, 
respectively, the pipes having 
square-edged entrances and flowing 
full. In these expressions Q is 
the discharge, A the cross-sectional 
area of the pipe, H the difference 
in the elevations of the water sur­
faces at the two ends of the pipe, 
L the length, and D the diameter. 
Quantities are measured in feet and 
second units. Although the experi­
ments were made with culverts of 
small length and size, the investi­
gations suppose that the formula 
are equally valid for culverte of 
any length and size. 

That these formulas faithfully 
represent the discharges actually 
met with in the tests of the par­
ticular culverts employed there can 
be no doubt. On the other hand, 
the validity of the formulas can 
certainly be questioned for cul-

verts of greater length and size. 
It is the particular structure of 
the formulas proposed which invites 
criticism. Under the radical sign 
of the denominators of these formu­
las are found three terms which in 
their order are associated with the 
loss of kinetic energy at the exit 
end, the loss at entrance, and the 
loss throughout the entire length of 
the tube. The criticisms to be 
made are in regard to the forms of 
the last two terms. First, the 
dimensions of these terms are not 
correct. Second, the particular 
exponents of the diameters in these 
terms imply that both the entrance 
loss and the so-called Manning's n 
for the entire culvert length vary 
with the culvert size. With the 
increase of diameter, these two 
quantities increase. There is, 
now, no hydrodynamical basis for 
this implication to be true and, 
therefore, the apparent contra­
dictions involving the formula pro­
posed require an examination. 

In dealing with a short tube, it 
is better to divide it into three 
segments. See Figure 1. There is 
first the entrance segment where 
the losses occur in the surface of 
discontinuity of the gradually van­
ishing vena contracta. Here the 
losses occur in the body of water 
and the frictional shear at the 
wall is negligible. According to 
this view the loss is independent 
of the size of tube or the char­
acter of the surface. We shall de -
note the length of the segment by 
1

0
• Secondly, there is the boundary 

layer segment, i.e. the segment in 
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Figure 1. The Cha r acte r is ti c Fl ow 
Segments in a Short Pipe 

which the turbulent boundary layer 
develops. At t he ups tream e nd o f 
the segment, the thickness of the 
bciundary layer is negligible and at 
the downstr~am end, when the tube 
is of sufficient length to assure 
the full development of the layer, 
the thickness equals the radius of 
the pipe. The local friction at 
the wall is large w~re the thick­
ness of the layer is small. In the 

boundary layer segment , wall fric ­
tion commences with a large value 
and is gradually reduced to a limit­
ing value with distance. The cen­
tral core outside of the boundary 
layer is non-dissipative and there 
the velocities and the pressures 
conform to the law of Bernoulli. 
For the full development of the 
layer a distance Lb will be re­
quired. Finally, if the length of 
the pipe exceeds L

0 
+ Lb , there is 

the third segment, the terminal 
segment, where the velocity pattern 
does not change with distance along 
the pipe axis. We shall denote the 
length of the terminal segment by 
Lli . Now if the pipe is not suf­
ficiently long, the length of the 
segment in which the turbulent layer 
develops will be less than 1b , and 
the corresponding length in that 
case may be denoted by Lx, where 
LX < Lb. 

THE THEORETICAL FOOM OF DISCHARGE FCJ\MULAS 

Suppose that a tube of diameter 
D and length L connects two reser ­
voirs. Le t H be t he di fference in 
the elevations of the water surface 
in the two reservoirs. The ·Weisbach 
formula corresponding to the case 
lS 

L v,a 
H = (1 + f - ) -

e D 2g ( 3) 

and the discharge will be given by 

(4) 

Here~ in these two e~pre s sions, fa 
is the effective resist a nce coef­
ficient. The proper evaiuation oi 
fa requires that the losses are 
first individually det~rmined for 
the three segments above mentioned. 

-Consider the case for which 
L < L

0 
+ Lb Denoting the loss 
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1n the entrance segment by H
0 

and 
1n the boundary layer by Hb , 

V2 
H=H0 +Hb+~ 

In terms of the velocity head 

H=f1c, 
o o D 

and 

V2 

2g 

where f
0 

is the coefficient of 

friction in the entrance segment 
and fb is the coefficient of 
friction in the boundary layer seg­
ment. Thus 

H = (1 + f ~ + fb ~ V2 
o D D 2g ( 5) 

or comparing with equation 3, 

f =f ~+fbLx (6) 
e o L L 

Consider next the case for which 
L > L

0 
+ 1t , that is when 

We now add to the right hand member 
of equation (5) the term Ht , 

llt,=f1tV2 
D 2g 

where f is the coefficient of re­
sistance in the terminal segment. 
Comparing the resultant expression 
of H with equation (3), it is seen 
that 

Lo 1t 1t 
f =f -+fb-+f-
e o L L L ( 7) 

Entering the expressions for the 
effective coefficient of friction 
from equation (6) or equation (7) 
into equation (4), we have for the 
discharges, 

AV2gli 
Q = ---------

Ii + f
0 

Si + fb I'.5c: 
D D 

( 8) 

when L = L
0 

+ Lx , and 

( 9) 

when L = L0 +Lb+ Lt 
These are the theoretical discharge 
formulas. Comparing the general 
form of these expressions with the 
forms of the Iowa formulas, equa­
tions (1) and (2), the following 
facts are revealed. First, there 
is no unique formula which will ex­
press the discharge through short 
and long tubes with equal correct­
ness. Secondly, by introducing the 
concept of the varying resistance 
in the laminar boundary layer, one 
dispenses with the idea of variable 
Manning's n . Actually, it is sup­
posed that the variation of re­
sistance in the critical initial 
part of a short tube is brought 
about not by the variation of the 
surface characteristics, since 
these are invariable, but by the 
gradual change in the thickness of 
the developing turbulent boundary 
layer. 

THE EVALUATION OF THE EFFECTIVE 
COEFFICIENT OF RESISTANCE 

To evaluate the effective coef­
ficient of resistance fe , 
quantities f 0 , L0 , Lb or Lx• 
and f must be first known. 

the 
fb 

The examination of entrance 
losses in the Iowa experiments shows 
that for concrete and corrugated 
metal pipes with square~edged en­
trances, the entrance length L

0 
equals 3.50 and the coefficient of 
friction is 

f0 = 0.152 (10) 
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As regards fb our analysis for 
the turbulent boundary layer shows 
that this quantity is proportional 
to f , the coefficient of resist­
ance in the terminal segment, the 
factor of proportionality being a 
function of Lx/Lti and the relative 
roughness R/k , where R is the 
radius of the pipe and k is a rough­
ness factor. We have deduced from 
various published dntn on concrete 
pipes that for concrete k = 0.005 
ft. on the average. This really is 
the equivalent sand grain size for 
concrete. If a smooth surface is 
covered with sand of this size, the 
flow dietribution will be the same 
as that of concrete under the con­
dition that mean flows and di­
ameters are equal. In corrugated 
metal pipe k may be identified as 
the corrugation depth, that is the 
vertical distance between the crests 
and t-~nngha nf the corrug!!tions. In 
the corrugated metal of Iowa tests 
k "' l inch. 

Following the above explanations, 
the effective frictional coefficient 
in the developing boundary layer 
may be written mathematically 

fb = N ( 1'Jc , ~ ) 
f 11, k (11) 

This functional relationship was 
investigated for the surfaces that 
can be interpreted as sand covered 
surfaces attd alsu Ior corrugated 
metal surfaces of the type used in 
the Iowa tests. In these corrugat­
ed metal surfaces the corrugations 
are nearly sinusoidal in shape with 
the ratio of corrugation depths to 
the wave length being k/1 = 0.1875. 
Since the universal law of veloci­
ties for concrete and corrugated 
metal surfaces are not the same, 
the function N was deter~ined 
separately for the two surfaces. 
The result of computations are 
g1Y2n i.n Tabl~s l and 2, wh~rc fb1'f 
values ere tabulated against Lx/Lb 
and R/k , 

TABLE 1 

Wk 

Y4i 
0.1 
0.2 

0.3 
0.4 

0;5 
0.6 

0.7 
0.8 

0.9 
1. 0 

10 

1.538 

1.424 

1. 351 
1.296 

EFFECTIVE COEFFICIENT OF RESISTANCE OF THE 
TURBULENT .BOUNDARY LAYER N SAND-COVERED PIPES 

(k = 0.005 ft. for concrete) 

18 40 100 250 

f~f 

1. 676 1.852 1. 961 2.000 

1. 517 1. 613 1.679 1.692 

1. 418 1.490 1.536 1.538 

1.349 1.404 1.446 1.443 

1.257 · ·- ·-·1-;- 300 l-;-349 -- - ·1-;- 377 · · - 1·;377 

1.224 1. 261 1. 302 1. 325 1.325 

1.198 1.229 1.264 1. 284 1.284 
1.175 1.203 1.234 1.252 1.252 

1.157 1.181 1.209 1.227 1.227 
1.141 1.163 1.189 1.203 1. 203 

500 1000 

2.000 2 .001 
1.687 1.680 

1.534 1.528 
1.438 1.428 

-1.371 ·- ·i-;361·-

1. 320 1. 311 

1.280 1.272 
1.248 1.241 

1.222 1. 215 
1.199 1.193 
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TABLE 2 

EFFECTIVE COEFFICIENT OF RESISTANCE OF THE 
TURBULENT BOUNDARY LAYER IN CORRUGATED PIPES 

(k = 0.0417 ft. k/1 = 0.1875) 

R/k 10 18 40 

Y1b 
0.1 1. 798 1. 902 2 .112 
0.2 1. 598 1. 660 1.785 

0,3 1. 480 1. 530 1. 621 
0.4 1. 397 t .440 1.506 

0.5 1.339 1. 371 1.428 
0.6 1.294 1. 319 1. 369 

• 
0.7 1.258 1.280 1. 322 
0.8 1.228 1.249 1.285 

0.9 1.204 1.225 1.259 
1.0 1.184 1.205 1.229 

As regards Lb , the length 
necessary for the full development 
of turbulent boundary layer, our 
analysis has shown that it depends 
on the type of surface, the di­
ameter of pipe and the relative 
roughness. The dependence of Lb/R 
on R/k for the two surfaces can be 
read from the two curves in Figure 
2. 

~o,----- ~---,---..------,---, 

a:: 
'::a 
~ 20!---+-- --+~ !,;..,,<I=----,.,.-:. 

Oo'------'---....1...--~- ~ '----"--- -,!5 
LOI (R/k) 

Figure 2. Length of Fully Developed 
Boundary Layer in Rough Pipes 

100 250 500 1000 

fi/f 

2.209 2.254 2.306 2.277 

1.852 1.868 1.858 1. 834 

1.663 1.659 1. 655 1.633 
1.547 1. 539 1. 531 1. 533 

1. 457 1. 451 1.446 1.432 
1.392 1.388 1. 374 1.370 

1.342 1.338 1.335 1 . 324 
1.300 1.299 1.296 1.286 

1.271 1.266 1.265 1.254 
1.244 1.240 1.238 1.228 

Finally, for the coefficient in 
the terminal segment, f , we have 

J's = 4. 75 - 2. 5 ~ + Yr R 

5.75 log(l + ~
2

• 
R 

(12) 
log(l + ~ 

k 

for a pipe surface the hydrody­
namic action of which can be simu­
lated by a surface covered with 
sand of grain size k. As remark­
ed above, for concrete k may be 
taken as equalling 0.005 ft. For 
corrugated metal of the type used 
in the Iowa tests 

_re, = 2. 11 - 2, 5 ~ + Jr R 
(13) 

5,75 log(l + ~ 2
• log(l + ~ 

R k 

The forms of these friction formu­
las differ slightly from the loga­
rithmic forms ordinarily given in 
the texts on hydrauli~s. The di£-
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ference results from the convention 
adopted for measuring distances in 
the pipe transverse sections. We 
measure wall distances from the top 
of the sand asperities or from the 
crests of corrugations. According-
1 y, the inner diameters are measured 
between the crests of the roughness 
asper i ties . 

IOWA EXPERIMENTS 

The discharges observed in the 
Iowa tests for the corrugated metal 
and concrete pipes with square­
cornered entrances are represented 
by small circles in Figures 3 and 
4. The curve s shown in the figures 
are theoretically obtained, using 
the method of computation explained 
above. The agreement between theory 
and experiment may be considered as 
satisfactory. 

nue to the satisfactory agree­
ment between theory and observation 
noted for the discharges obtained 
in the small size culverts of the 
Iowa tests, like computations were 

401--~~~-1-~~~-t-~­

a, 
CFS 

301--~~~-1-~~~-;,<~~~-t--,.~~---1 

I 

iH, (HIN FEET) 

Figure 3. Iowa Test Discharges in 
Concrete Pipes with Square-cornered 

Entrances 

also made for eight-foot diameter 
corrugated metal and concrete pipe 
and of varying lengths up to three 
hundred feet. The results of the 
computations were compared with the 
similar results of the Iowa dis­
charge formulas. It was noted that 
the Iowa formulas gave smaller 
values than the theoretical results 
and that the disparity in the two 
results increased with increasing 
lengths of pipe. Furthermore, the 
increas e was larger for the corru­
gated metal pipe than for the con ­
crete. 

BASIS OF ANALYSIS 

The analysis undertaken to de­
termine the quantities of the bound­
ary layer proved to be very lengthy. 
The details of the computations 
will not be given here. For the 
purpnsP. of ori"nt@t.ion. how~vie!", it 
may be helpful to make a few remarks 
about velocity distributions in 

ge ,n er a}'. .. ,.- ···--··----- -- . _ . I The momentum la-w, -rogefher' w1-th 

40t--~~~t-~~~t-~~--,,l'-~ ~--l 

a, 
CFS 

-.JR, (HIN FEET) 

g.1.oF 

Figure 4. Iowa Test Discharges in 
Corrugated Pipes with Square­

cornered Entrances 
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the supposition of a non-dissipa­
tive central core and the c cpidition 
of continuity enable~ deter-·,,v () f · . . l 
minATt.he variation of bounda~y ayer 
thickness and wall shear with dis­
tance for a iven relative rough­
ness R/k. The computations are 
carr e out by supposing that for 
each type of surface a upiversal 
velocity law exists of the type 

u y) 
~=a+ 5.75 log(!+ k 
UV 

( 14) 

where u is the velocity at the 
point y, y being measured from 
the crests of corrugations and the 
tops of the hypothetical asperities 
of sand. The quantity Uv is the 
so-called shear velocity given by 
the relation 

u /"o 
V 'f p (15) 

where r
0 

is the shear at the wall 
and p,~is the density of the fluid. 
The qdantity a is a numerical con­
stant characteristic of a given 
surface. The formula is very simple 
and states that the velocity at a 
point depends solely on the shear 
at the wall and the distance from 
the wall. The extent and the limits 
of the fluid have no relation what­
ever to the velocities. Thus, the 
velocity law is independent of t~e 
di~ensions of the ~entral core or 
of the size of the pipe. 

In our computations we have 
assumed that for a concrete surface 
we may take a = 5.85 and k =.005 
ft. These suppositions put the 
concrete surface in the same class 
as the sand covered pipe surfaces 
of the Nikuradze experiments. That 
is, for concrete 

u y) 
~ = 5.05 + 5.75 log(!+ -
u k V 

(16) 

~ 

(\I _, 

9 

~ 
Cl!+ 
~ ._.. 
(!) 

0 
~ ..J 

st: 

"! 

0 
(\I 0 

Figure 5. Velocity Distribution in 
Corrugated Metal Pipe; Iowa Tests 

The law of velocities for a cor­
rugated surface does not appear to 
have been known previously. A de­
termination was made using a series 
of velocity distribution from the 
Iowa tests. The method of analysis 
in short is as f o 11 ~w s . For any 
type of surface we may write 

where 

and 

u •A+ Blog(!+!) 
k 

B = 5.75 Uv 

Thus, if u is plotted against 
(1 + y/k) and the plot gives a 
straight line, the intersection 
point A at the ordinate axis and 
the inclination B determine Uv 
and a. The value u/Uv may now 

be formed and may be plotted against 
log (1 + y/k). For the corrugated 
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metal pipes the application of this 
method gives first the data of 
Figure 5 and Figure 6. According 
to the latter a= 8.5, and thus the 
law of velocities for the corrugated 
metal pipe is 

where 
k/1 

u y 
~ = 8.5 + 5.75 log(l + -) 
u k 

V 

(17) 

k is corrugation depth and 
= 0.1875. 

14 

12 

10 

.!J 
u. 
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6 
/ 

V 

.i 

/. 
/ .. 

/~ 
-" 

V 
/ 

.. .& .e 1.0 1.2 IA 

LOG(t+Y/k) 

Figure 6. Universal Law of Veloci­
ties for Corrugated Metal Pipe; 

k/i = 0.1875 



EXPERIMENTS ON FLOW THROUGH INLET 

GRATINGS FOR STREET GUTTERS 

CURTIS L. LARSON, St. Anthony Falls Hydra\Llic Laboratory 

17 

In designing surface drainage ference between the gutter flow and 
facilities for streets and high- the carryover. Tests were also 
ways, the highway engineer has been made with simulated debris added to 
handicapped by the general lack of the flow. 
data on the capacity of grate in- In tests conducted at the North 
lets. The limited data available Carolina Engineering Experiment 
indicates that for many of the Station (1)1, N.W. Conner found 
grate inlets now in use, the capa- that defl~cting slots in a gutter 
cities are quite low, particularly are self.:cleaning when set at an 
on moderate and steep grades. In angle of ~5 deg, with the direction 
addition, clogging of grate inlets of flow. In an attempt to improve 
with, paper, leaves, and other de- the s.elf-cleaning ability of grate 
bris continues to be a serious inlets, an experimental inlet was 
maintenance problem, For the pur- constructed with its bars and open­
pose of alleviating these .pr.oblems, ings set at this angle. Tests were 
an experimental in~estigation was made of this inlet both with and 
undertaken at the St. Anthony Falls without a curb opening. This ex­
Hydraulic Laboratory of the Uni- perimental inlet was then improved 
vers i ty of Minnesota, under the by rounding the surface of each of 
sponsorship of the Minnesota De- its bars. Standard inlets tested 
partment of Highways. included a Minnesota Highway De~ 

A test gutter .with a cross-slope partment inlet, which has openings 
of 20,6 to 1 and with a nearly ver- parallel to the flow, and a city 
tical curb was constructed in the street department inlet, which has 
36-in. tilting channel of the Lab- openings normal to the direction of 
oratory. Near the end of the gut- flow . 
ter, a test section was provided, Since the test gutter was con­
in which full-scale inlets and curb siderably smoother than the average 
openings of any shape could he in- gutter, differences in roughness 
stalled. Tests of various grate must he considered in applying the 
inlets were conducted at several test results to grate inlets in 
slopes, using a wide range of dis- actual gutters. In addition, one 
charges at each slope. In all may wish to apply the data to in-
tests the entire flow was intro- lets in various gutters having dif-
duced at the upper end of the gut- ferent degrees of roughness°1" For 
ter. Measurements were taken of these reasons, the test results are 
the depth and discharge in the gut- not presented on the basis of slope 
ter, and of the quantity of water alone, but rather on the basis of 
passing over and around the inlet, the quantity v's/n, in which s is 

-which was termed "carryover." The the highway slope and n is the Man-
portion of the flow {ntercepted by ning roughness coefficient. This 
the inlet, referred to as "inlet, factor is a constant for any given 
capacity," wasr-ef cou111e,- the di£- gutter. Since this index is pro-

1Ita licized figures in parentheses refer to the list of referencea at the end of paper, 
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portional to v~locity for a given 
depth of flow, it will be referred 
t o a s t he " v e 1 o c i t y ind ex , " Th e 
four test slopes selected gave a 
range in velocity index from 6.6 to 
17.2, resulting in super-critical 
flow within the entire range.. This 
range includes gutters of ordinary 
roughness at slopes of 1 to 6 per­
cent, 

The data obtained in the cnpn­
city tests are presented in Figures 
1 t hrough 4, in the form of" rating" 
curves. In these curves. inlet 
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Fi.gure 1. Ra ting Curves at 
Velocity Index of 17.2 
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c a p a cities are p l otted as ordinates , 
and carryovers as abscissas. For 
any poin t on t hese cur v es , t he 
corre sponding gutte r discharge can 
a l so be determined directly by fol­
lowing the sloping lines to the 
carryover scale. The le LLer desig­
nations on the figures indicate the 
various inlets or inlet setups, as 
follows: 

A. Experimental inlet, with curb 
opening 

F. Experimental inlet, 
curb opening 

without 

D. I~roved experimental inlet 
G, Highway Department inlet 
H. City inlet 
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Figure 2. Rating Curves at 
Velocity Index of 14.0 
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Each of Figures 1-4 contains the 
data obtained at a certain test 
slope, and is there fore applicable 
only for a particular velocity 
index. 

1.8 
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Figure 4. Rating Curves at 
Velocity Index of 6.6 
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Figures 5, 6, and 7 are plots 
of velocity indexes versus inlet 

capacities corresponding to several 
carryovers. For these carryovers 
then, one can determine the corre­
sponding inlet capacit~ at any 

.9 ,----r--"'T""--r----r---.----, 

0 ,---, ..... - -'10---,'-2- - , ... 4--... ,.---'1• 
'1; • VELOCITY INDEX OF G UTTEII 

Figure 5. Inlet Capacities with 
No Carryover 
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Figure 6. Inlet Capacities with 
Carryover of 0.10 cu ft per sec 
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Figure 7. Inlet Capacities with 
Carryover of 0.20 cu ft per sec 

velocity index within the range of 
the tests. These curves also indi­
cate the manner in which the capa­
city of any of the inlets varies 
with slope. 

Visual observations during the 
tests indicated that the data do 
not fully explain differences in 
behavior between the various in­
lets. To ·supplement the data, 
therefore, a number of photographs 
were taken of the inlets in opera­
tion. Figures 8 through 11 show 
Inlets A, D, G, and H operating 
with approximately the same gutter 
discharge. 

RESULTS OF CAPACITY TESTS 

Perhaps the most important fact 
developed by the s e tests is that 
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the capacities of grate inlets can 
be greatly increased by permitting 
a small amount of carryover·.' This 
statement appears to apply to any 
grate inlet. The rating curves show 
that the capacities of most of the 
inlets tested ere approximately 
doubled by allowing carryovers from 
0.10 to 0.20 cu. ft. per sec. In 
the case of inlets in series, these 
small carryovers from inlet to in­
let produce no ill effects other 
than a slight increase in the gutter 
flow, since carryover is not cumu­
lative. Greeter carryovers produce 
diminishing returns. Thus a carry­
over in the range of 0.10 to 0.20 
cu. ft. per sec. appears to be the 
optimum for inlets in series in the 
ordinary case where the gutter dis­
charge is a limiting factor. 

The capacity test date show that 
the capacity of a grate inlet is 
!l.ffpc,t,,,.rl hnt.h by thP. characteristics 
of the inlet and by the character­
istics of the approach flow. Further ­
more, variations in the nature of 
the approach flow produce varying 
and sometimes opposite effects upon 
inlet capaci ty , depending on the 
characteristics of the inlet. Of 
p r ima r y impo r tance in determining 
inlet capacity ere the following 
inlet characteristics: the width 
of the inlet, and the efficiency of 
the inlet openings. 

The width of the inlet measured 
normal to the direction oi flow, 
is an influential factor in that 
the carryover in almost eve r y case 
is either partly or wholly composed 
of water which passes around the 
inlet. In other words, no inlet can 
be expected to intercept a large 
portion of the flow unless it ex­
tends we 11 into the pa th of the 
flow. The importance of width can 
be seen from en inspection of the 

. • r T 1 . a.. T'\ .._ \_ ~ 
racing curves 1.or .111.Lt<:l, u, Lue j_f11-

proved experimental inlet, and for 
Inlet G, the Highway Department in­
let, both of which take water readily. 
Inlet D, being 24 in. in width, has 
a high rating curve, while Inlet G, 

which is 17 in. wide, has a low rating. 
Thus, it appears worthwhile to make 
grate inlets at least 24 in. wide 
for a gutter of this shape, end 
perhaps wider 1or highways with 
flatter crown slopes. 

The efficiency of grate inlet 
openings was found to depend mainly 
on the effective length of the in­
dividual openings, which, in all 
cases, is measured in ~he direction 
of flow. The importance of this 
characteristic is we ll de monstrated 
in a general way by the test results. 
Since it has 1 3/16-in. transverse 
openings, the city inlet, Inlet H, 
permitted an appreciable portion of 
the fl ow t o pass dire c tly over t he 
openings. The rating curve for this 
inlet therefore rises slowly: In 
the Highway Department inlet, In­
let G, 1 1/4-in. by 11-in. openings 
are placed parallel to the flow, 
ma king thri r P. ffpct.i ve l,,.ngt.h 11 in, 
The photographs show that these 
openings allowed no water to pass 
over the inlet, and a steeper rating 
curve was the result. The narrower 
width of Inlet G, however, caus e d 
i t s capac i ty t o f all below t hat of 
Inlet Hin the region of no carryover. 

During tests of inlets with trans­
verse bars, it was observed ·tha t 
only a thin sheet of water was di-

Figure 8. Experimental Inlet, 
.;;;n = 14.0, QG = 1.02, QI= 0.92, 

QC= 0.10 cu ft per sec 
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Figure 9. Improved Experimental 
Inlet, Series D, ls/n = 14.0, QG = 
1.05, QI= 0.98, QC= 0.07 cu ft 

per sec. 

---- ' 

' 
-- ., · .... 

Fig~re 10. H1;_£hway Department Inlet, 
Series G, ./s/n = 14.0, QG = 1.00, 
QI = o. 81, QC = o. 19 cu ft per sec 

verted downward at the face of each 
bar. Theoretically, the thickness 
of this sheet of water varies as the 
square of the overfall distance (ef­
fective length of opening) for flow 
of a given velocity, if the path of 
the water crossing the opening is 
assumed to be that of a freely fal­
ling body. For this reason, it 
would appear highly desirable to in­
crease the effective length of open-

Fi.sure 11. City Inlet, Series H, 
./s/n = 14,0, QG = 1.00, QI= 0.77, 

QC= 0,23 cu ft per sec 

-
ORDINARY BARS --
IMPROVED BARS 

Figure 12. Flow Over Ordinary and 
Improved Grate Bars 

ing in any way possibl~. 
In Series D, the length of the 

openings of the experimental inlet 
was increased by rounding the grate 
bar surfaces. The surface of each 
bar was rounded to conform approxi­
mately to the shape of a free over­
fall from its leading edge, as shown 
in Figure 12. In effect, th~.is change 
moved the beginning point of each 
overfall from the trailing edge to 

... 
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the leading edge of the bar. Since 
the bar thickness was equal to the 
bar spacing, the overfall distance 
or effective length of opening was 
approximately doubled . Thus, the 
thickness t of the sheet of water 
diverted by each bar, as well as 
the capacity of each opening, was 
theoretically quadrupled. Although 
no measurements were made of the 
capacity of individual openings, 
the photographs demonstrate that 
this improvement actually is very 
e ffective. Figure 8 shows that six 
of the openings failed to intercept 
all of the water fl~wing over the 
original experimental inlet, while 
with the improved grate bars, Figure 9, 
almost the entire flow was inter­
cepted by the first two openings. 
This simple improvement appears to 
be applicable to any inlet with 
transverse bars, and would result 
_ __ 1 ~ ........ 1 _ .: .£ __ • • .: _ - - - - - - .: - ... L -
,lJl .1..l.LL.l.t::f .1...1.. tlll)'f .&.11\..&.C:U.:>C: .Lll '-'llC: 

cost of casting this type of inlet. 
The use of curb openings with 

grate inlets was found to produce 
little or no increase in capacity, 
depending on the efficiency of the 
in l et . The B series o f tests was 
conducted with the experimental 
inlet as it was used in the A series, 
except that the curb opening was 
replaced by ,a section of curb. Com­
parison of the rating curves, Figures 1 
and 2, shows that only a small per­
centage of the inlet capacity, less 
than 5 percent , can be credited to 
the curb openings. In this case, 
the curb opening in t ercepts some 
water which would otherwise flow 
over the inlet. In the case of in­
lets with more efficient openings, 
which permit no water to flow over 
the inlet, it is evident that a curb 
opening provides practically no in­
crease i~ cap~city, unless the inlets 
are affected by backwater. 

The characteristics of the ap­
proach flow were also found to have 
a pronounced effect on the capacity 
of grate inlets. The tests showed 
that high velocities tend to de­
crease the capacity of an inlet by 

increasing the tendency for water 
to flow or spray over the openings. 
On the other hand, high velocities 
tend to increase the capacity of an 
inlet by concentrating a greater 
flow in a given width of gutter. 
Figures 5, 6, and 7 show that either 

of these opposing tendencies may be 
predominant, depending on the ~idth 
of the inlet and the efficiency of 
the inlet openings. Within the range 
of the tests, these curves also show 
that the improved experimental inlet 
and t he Highway Department inlet, 
which have efficient openings, ope r ­
ate wi t h incre asing capacity as the 
slope and velocity are increased. 
The original experimental inlet and 
the city inlet, which have less ef­
ficient openings , increase in ca­
pacity with increased veloci~y in­
indexes up to approximately 14 , but 
decrease in capacity for v~locity 
indexes higher than 14. 

DEBRIS TESTS 

In order to have a quantitative 
basis for comparing the self-cleaning 
a bilit ies of t he va r ious i n l ets , an 
arbitrary procedure for debris tests 
was adopted, using as debris pieces 
of paper 1 by 2 inches in size. Since 
no attempt was made to duplicate 
actual gutter debris, the results of 
these tests were not intended to in­
dicate the percentage of actual debris 
which a given inlet will handle. 
However, the results are believed 
to serve as a basis for comparing 
the various inlets tested. 

The original experimental inlet 
was found to pass only 20 to 30 
percent of the test debris, and 
would therefore probably clog quite 

· easily. It was hoped that this in­
let would be s~lf-cl~uning us a re­
sult of the c ~mp onent of flow along 

' the axis of each bar, but this com­
ponent was not strong enough to re­
move th~ test debris. Rounding the 
bars of this inlet , however , per­
mitted approximately 70 percent of 
the test debris to pass through the 
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inlet openings. 
Because its openings are parallel 

to the flow, the Highway Department 
inlet handled the test debris as 
easily as it did water, having a 
debris efficiency of about 95 percent. 
However, it should be noted that for 
larger debris, this inlet might clog 
as easily as any other. The city 
inlet, which is a rough casting with 
the bars normal to the flow, passed 
only 17 percent of the test debris. 

Of the inlets tested then, only 
the Highway Department inlet, which 
has openings parallel to the flow, 
can be considered highly efficient 
in passing this type of debris. The 
debris tests also indicate that i~­
proving the hydraulic efficiency of 
inlet openings increases the abil­
ity of the inlet to pass debris. 

APPLICATION OF RESULTS 

For a given set of design condi­
tions, the results of this investi­
gation can be used to determine the 
required spacing for inlets of any 
of the types tested. Moreover, the 
data can be used to predict the 
operating capacity of any indivi­
dual inlet, either under the design 
conditions or under other circum­
stances, such as rainfall intensi­
ties higher or lower than the de­
sign intensity, or clogging of one 
or more inlets in a series. 

If one of these inlets is to be 
used in a location where no carry­
over is permissible, it is neces­
sary merely to select the inlet 
capacity which will give no carry­
over at the appropriate velocity 
index. In such a location, however, 
the inlet may be affected by back­
water from intersecting streets or 
from changes in grade, in which 
case the capacity of the inlet will 
probably be greater than the capa­
city found in the tests. 

In a series of inlets where some 
carryover is permissible, a con­
siderably greater inlet capacity, 
and correspondingly, a greater in-

let spacing can be used. In design­
ing such a series of inlets, the 

"design" or "normal" inlet capacity, 
corresponding to a suitable carry­
over, can be selected from Figures 

5 through 7, or from rating curves. 
For a series of uniformly spaced 
inlets, it can be shown readily 
that, if succeeding inlets operate 
with equal carryover, the flow 
intercepted by each inlet will be 
equal to the runoff per inlet. 
Thus, the required inlet spacing 
can be found by equating the design 
capacity to the runoff per inlet, 
if the rate of runoff can be ex­
pressed in terms of the dimensions 
of the drainage area and the rain­
fall intensity. For the idealized 
case of a rainfall of uniform in­
tensity for a period longer than 
the time of concentration, assuming 
no infiltration, the expression 
thus obtained for the inlet spacing 
Lin feet is: 

L = 43,2CO QI 

bl 
( 1 ) 

1n which Q1 is the design inlet 
capacity in cu. ft, per sec, b the 
width of street drained in feet, 
and I the rainfall intensity in 
inches per hour. The depth ar.d 
width of fl-0w in the gutter up­
stream of each inlet can then be 
computed if desired. The gutter 
f 1 ow Q G , is given by: 

( 2) 

where Q0 is the design carryover. 
For the gutter under consideration, 
Manning's formula may be applied to 
obtain the following depth dis­
charge relation: 

Q rs I a "" 9.5 - ye 8 n ( 3) 

in which y is the depth of flow in 
feet at the curb. If it is to be 
used repeatedly, this relation can 
be plotted as a family of c~rves 
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for various values of .;-;-[n, the 
velocity index. Since the cross­
slope of the experimental gutter 
is 20.6 to 1, the maximum width of 
flow, w, is given by: 

w = 20.e y (4) 

An example best illustrates the 
use of these data or similar data 
in a design problem. In a gutter 
of the same shape as the test gut­
ter on a 3.5 percent grade, the 
roughness coefficient n is esti­
mated to be 0.015. The velocity 
index is then 12.5. A rainfall 
having a uniform intensity of 5 in. 
per hr. is to be drained from a 24-
ft. width of paved street or high­
way by inlets of Type A. Assuming 
that a carryover of 0.20 cu. ft, 
per sec. is permissible, it is seen 
from Figure 7 that, at a velocity 
index cf 12.5, the corresponding 
inlet capacity is 1. 05 cu. ft. per 
sec. The required inlet spacing 
can then be obtained by use of 
Equation (1): 

L = 
43 , 200 X 1, 05 

24 X 5 
378 ft. 

The gutter flow just above each in­
let is given by: 

QG = 1.05 +0.20 =1.25 cu. ft. per sec. 

The depth of flow can be found by 
substitution in Equation (3): 

y = · 1,26 J s/ 
9 . 5 x 12. 5 

8 
= 0.18 ft. 

and the maximum width of flow is 
found to be: 

W = 20,6 X 0,18 = 3,7 ft. 

If it appears advisable to con­
sider the effects of gutter storage 
and storms shorter than the time of 
concentration, the inlet spacing 
cannot he determined directly by an 

equation such as Equation (1). The 
actual gutter hydrograph can be 
determined, however, by a method 
originated by Horner and Jens(B). 
This method was verified experi­
mentally and developed further by 
lzzard( 3 J. Further development of 
this procedure is necessary to de­
termine the effect of carryover on 
the gutter hydrograph. 

A series of inlets possesses a 
valuable attribute in its ability 
to adjust its capacity to any rate 
of runoff within a considerable 
range. To demonstrate that each 
inlet in a series tends to operate 
at a capacity equal to the runoff 
per inlet, another example will be 
given. In a gutte r having a velo­
city index of 14.0, ten of the im­
proved experimental inlets, Type D, 
are spaced to receive 1.00 cu. ft. 
per sec. of runoff per inlet, which 
r~sult.s in a norm;:1_1 carryover of 
0.07 cu. ft. per sec. By some un­
usual circumstance , Inlet No. 5 be­
comes completely clogged. The gut­
ter discharge is therefore consider­
ably more than normal at Inlet No. 
6 , and is less· t han normal'" a t the 
beginning of the series. The dis­
charge in t ercep t ed by each inle t o f 
the series can be determined, how ­
ever, by use of the appropriate 
rating curve, as shown in Table 1. 

Beginning at Inlet No. 1 of this 
series, the gutter discharge is 
1.00 cu. ft. per sec., since there 
is no cariyover from a preceding 
inlet. The rating curve for 
.;-;-;n = 14.0, F igu t e 2, s h ows t ha t 
with this gutter flow, 0.94 cu. ft. 
p e r s ec . is in t e r cep te d and 0.06 
passes by the inlet as carryover. 
This carryover resu lt s in a g u tt er 
flow of 1.06 cu. ft. per sec. at 
Inlet No. 2 and the rating curve 
is referred to again to determine 
the flow intercepted and the carry­
over. This procedure may be follow­
ed on through the series. In ,this 
example, the normal inlet capacity, 
equal to the runoff per inlet, is 
reached at Inlet No. 3, and all 
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succeeding inlets will normally 
operate at this capacity. Clogging 
of Inlet No. 5 upsets this equili­
brium, since none of the flow is 
intercepted by this inlet. The 

TABLE I 

CQll>UfATIOO OF INDIVIDUAL CAPACITIES 
OF TYPED INIETS IN SERIES 

AT A VELOCITY ll'IJEX OF 14. 0 

In l e t Runoff Condition QG 01 Oc Nuabe r 
1 1.00 Clean 1.00 0.94 0.06 
2 • • 1.06 0.99 0 . 07 
3 • " 1.07 1.00 0.07 

4 • • 1. 07 1.00 0.07 
5 • Clogged 1. 07 0 1. 07 

6 " Cle•n 2 . 07 1.71 0.36 
7 • • 1.36 1.23 0 . 13 
8 • • 1.13 1.05 0.08 
9 • • 1.08 1.01 0.07 

10 • • 1. 07 1.00 0.07 

result is a carryover of 1.07 and 
a gutter flow of 2.07 cu. ft. per 
sec. to Inlet No. 6. This gutter 
flow, however, is quickly reduced 
at succeeding inlets, and normal 
inlet capacity is again reached at 
Inlet No. 10. This ' example shows 
that if the gutter flow at any in­
let happens to be more or less than 
the normal amount for the series, 
the flow intercepted by succeeding 
inlets will increase or decrease, 
as the case may be, until the norm­
al inlet capacity, equal to the 
runoff per inlet, is reached at 
some inlet downstream. 

This investigation is limited 
chiefly by the £,ct that the data 
obtained are applicable only to 
inlets in gutters having cross 
sections identical to that of the 
test gutter, that is, with a uni­
form cross-slope of 20.6 to 1. How­
ever, it seems likely that many of 
the general findings of these ex­
periments will apply, in greater or 
lesser degree, to grate inlets in 
gutters having other cross-slopes. 

In planning the tests and pre­
paring the data, the effects of 

lateral inflow on the flow condi­
tions in an actual gutter were 
neglected, since the side inflow 
per foot of gutter will normally he 
onlj a fraction of a percent of the 

,-eutter flow near an inlet. Any re­
sulting discrepancies would there­
fore be small, and would be re­
flected mainly in the velocity in­
dex scale, which in ·practice is 
subject to an error of several per- • 
cent in the estimation of the rough­
ness coefficient. 

Of the standard and experimental 
inlets investigated, none is be­
lieved t o represent the best solu­
tion to the reqtlirements of capa -
city, self-cleaning ability, and 
economy in grate inlets. Neverthe­
less, the tests have developed con­
siderable evidence of the relative 
importance of various inlet char­
acteristics . It is possible that 
the best features of the test in­
lets can be combined to best satis­
fy these requirements, for a gutter 
of the shape used. Further tests 
are being planned for this purpose. 

SUMMARY OF RESULTS 

The results of this investiga­
tion are summarized briefly in the 
following conclusions, which are 
applicable to a continuous gutter 
having a cross-slope of approximate­
ly 20 to 1, and a velocity index 
within the range of these tests. 

1. The capacity of a grate in­
let can be greatly increased by 
allowing a small amount of carry­
over. 

[2. The capacity of a grate in­
let is determined mainly by its 
width normal to the flow and by the 
efficiency of its openings. 

\3. The efficiency of grate in­

let · openings depends largely on the 
effective length of the openings in 
the . direction of flow. 

4. The capacity of inlets with 
transverse bars and openings can be 
increased substantially by rounding 
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the top surface of each bar. 
\s) In the normal range of appli­

cation, inlets with efficient open­
ings operate with increasing capa­
city as the slope of the gutter is 
increased. 
1) \ 6} Except where capacity is 

provided by ponding, curb openings 
are of little or no value in in­
creasing the capacity of a grate 

· inlet. 
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DISCUSSION 

CARL F. IZZARD, Highway Research 
Engineer, Public Roads Administra­
tion - The paper by Mr. Larson is 
a valuable contribution to an under­
standing of the hydraulics of inlet 
gratings for street gutters. The 

reader will be glad to know that 
Mr. Larson has conducted tests on 
modifications of the inlets de­
scribed and that a complete report 
will be published by the. University. 

In interpreting the data in this 
paper the effect of the cross­
section of the approach gutter must 
not be overlooked. For example, 
the capacity of Inlet G, as report­
ed , will be reduced nearly 30 per­
cent. if Lhe Lrausven,e sloJJe of the 
gutter is flattened to a 50 to 1 
slope. 

The capacity of Inlet G, o r of 
any other grating having efficient 
openings, can be closely approxi ­
mated by assuming that all the 
water flowing within the width of 
the grating will be intercepted, 
while the water flowing on the 
pavement beyond the outside edge 
~f the grating is the "carryover" 
discharge. Hicksl made this assump­
tion in 1944 and the data in Lar ­
son's paper may be used as verifi­
cation. 

The rating curve for Inlet G may 
be computed with a maximum differ­
ence of 3 percent in a range of 
gutte r f l ow from 0 .5 to 2. 0 cubic 
feet per second using equations (3) 
and (4) to estimate depth and width 
of gutter flow and Hicks' flow dis­
tribution curve to estima·te flow 
within the width of the grating. 
However, it is not necessary to 
use the latter curve as will be 
shown. 

For gutters having a triangular 
cross-section, equation (3) can be 
generalized by making the numerical 
coefficient equal to 0.468 z, where 
z is the ratio of width of flow to 
depth of flow (20.6 in Larson's ex­
periments). The factor 0.468 is 
taken directly from equation (11) 
in Reference 3. The general equa­
t'ion is then 

Cc,: 0.468 z {i_ y els (5) 

n 

Substituting 2 0.6 for· z gives a nu­
merical coefficient of 9.64 instead 

1Hicks, W.I. "Runoff Computations and Drainage Inlets for Parkways in Los Angeles," 
Proceedings, Highway Research Board, Vol. 24 pp 138-147 (1944), 
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of 9.5 as in equation (3) because 
Reference 3 ignores friction on the 
curb face in order to simplify the 
derivation, the error having no 
practical significance in working 
with shallow depths. Also, because 
of this fact, the same equation may 
be used to estimate the carryover 
discharge by taking y as the depth 
at the outside edge of the grating. 
Assume QG = 1. 0 cubic feet per sec­
ond and take .f"i/n = 14 as in Figure 
2. Then equation (5) reduces to 
QG • (9.64 x 14)yela = 135 y ala 
from which y = 0.159 feet for the 
assumed gutter flow. The depth 
will be 1.42/20.6 = 0.069 feet less 
at the outer edge of the grating or 
0.090 feet. Substituting this depth 
in the sa~e equation Qc = 135 
(1/11.l)a/a = 0.22 cubic feet per 
second. (Note: reciprocals are 
easier to work wiih than small 
decimals; use tables of fractional 
powers in hydraulic handbook to 
facilitate computation.). Then 
from equation (2), QI= 1.0 - 0.22 
= 0.78 cubic feet per second which 
agrees closely with the observed 
value of 0.80 cubic feet per second 
read from Fig. 2. 

From e q u at i on ( 5 ) i t f o 1 1 ow s 
that the width of flow for a given 
discharge in a triangular gutter on 
a given grade will vary as (z)6/a 
while the depth varies inversely as 
(z)a/a. Thus when the transverse 
slope is flattened to 50 to 1 mak­
ing z = 50, the width of flow in 
the gutter is (50/20.6)6/a = 1.74 
times that in Larson's tests. The 
depth for z = 50 would be 
(20.6/50)a/a = 0.717 times that 1n 
Larson's tests. 

The trend in drainage design on 
urban highways is to space inlets 
so that the width of flow in the 
gutter for a des i gn r a in fa 11 in -
tensity will not exceed an arbi­
trary amount for frequent storms. 
The design rainfall intensity, for 
example, may be the average intens­
ity for a duration of 20 minutes 
and a frequency of one or two years. 

The intense rainfall of shorter 
duration obscures vision so that 
traffic is forced to move slowly or 
even stop, but with adequate in­
lets the roadway will clear rapidly 
within a few minutes after the in­
tense rainfall ceases. Thus the 
traffic delay will probab'ly not be 
serious, particularly since these 
occurrences will be infrequent. The 
storm sewer sizes should be based 
on, for example, a 10-year storm 
for ~urations corresponding to the 
respective times of concentration 
so that water will not be ponded on 
the roadway because of inadequate 
outlet capacity except for the ex­
treme storms for which it is not 
considered' economical to design. 

Rating curves similar to those 
in Figure 2 may be computed for any 
given width of inlet with any value 
of z in equation (5), assuming the 
inlet to have efficient openings. 
From such curves computed for vari­
ous grades inlet capacity curves 
for different rates of carryover, 
similar to Figures 5, 6 and 7, can 
be drawn. These will show, as Lar­
son ably demonstrates, that a small 
amount of carryover greatly in­
creases the inlet capacity. Since 
the spacing of inlets by equation 
( 1) is directly proportional to the 
inlet capacity, the spacing also 
increases with the amount of carry­
over, thereby reducing the initi~l 
cost. Charts may also be drawn for 
gutter capacity in relation to 
grade of roadway for various widths 
of flow. These can be used to check 
inlet sp,cing by the criterion 
established for width of flow in 
the design storm, which may be found 
on the flatter grades. 

A common practice on express 
highways is to provide a 2-foot 
gutter on a one-inch per foot slope 
outside the edge of the 12-foot 
traffic lane. Equation (5) can be 
used to compute capacity of this 
type of cross-section as follows. 
Assume steeper slope to be extend­
ed, compute discharge for a given 
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depth on one percent grade and sub­
tract discharge computed for depth 

at point where slope changes. Then, 
for the latter depth, compute dis­
charge on the flatter slope. Add 
this discharge to that computed for 
gutter to obtain total discharge . 
Repeat computations for othe.r 
depths. Then plot discharge against 
depth or width with grade as para­
mP.tPr (dischargP. on nthP.r grades 
will vary with square root of 
grade), or plot discharge against 
slope with depth or width as para­
meter. Since the inlet grating is 
usually the same width as the steep 
portion of the gutter, the dis­
charge computed for the latter will 
also be inlet capacity if inlet can 
be assumed as having efficient 
openings. This type of cross ­
section enables carrying a given 
discharge with much less encroach­
ment on the traffic lane in com­
parison to a section with the curb 
at the edge of the traffic lane. 

In applying equation (5) to esti­
mating inlet capacities for gutter 
s ections differing from that used 
by Larson , study must be given to 
his experimental data in judging 
wh e th e r o r n o t a pr o pos e d grating 
has efficient openings which can be 
depended on to intercept all the 
flow over the grating. In general 
it appears that a grating with bars 
parallel to the approaching flow 
and a clear length of opening suf ­
ficient to permit the falling jet 
of water to clear the far end of 
the grating will have satisfactory 
characteristics. A length of open­
ing in the direction of approach 
flow of about 18 inches is suffici­
ent for maximum velocities likely 
to be encountered on express high­
ways, based on a free-fall drop of 
0.5 feet in the time required for 
the wat.er t.u move the l~ngth of the 
opening. A length of 24 inches 
would provide some factor of safety 
to allow for debris accumulating 
on the downstream end of the bars. 
A greater length gives no increased 

capacity except when ponding occurs 
as at sag vertical curves. 

In the past widely-spaced bars 
parallel to the curb have been 
frowned on because of the hazard of 
wheels on narrow-tired vehicles, 
such as buggies and bicycles, drop­
ping through the openings. On 
limited access highways where there 
is little possibility of such traf­
fic this objection doesn't apply, 
nor is it necessary to give con­
siderati'on to high heels on women's 
shoes in determining the maximum 
width of opening. Where bicycle 
traffic may be encountered diagonal 
ba r s with r ou nded tops as in Inl e t 
D may be used . 

Attention is called to the fact 
that the increased capacity of In­
let Dover Inlet G, which has bars 
parallel to the curb, is due almost 
entirely to the width of 24 inches 
within the range of velocity index 
tested. This can be proved by com­
puting flow in a width of 24 inches 
as compared to 17 inches by the 
method previously illustrated. The 
length of opening, 11 inches, for 
Inlet G would begin to restrict 
capacity at greater depths and 
velocities of fl ow, bu t Inlet D ma y 
also fail to intercept all the flow 
in its width under similar condi­
tions. 

Gutter storage probably has no 
significant effect on required in­
let capacity as used in equation 
(1) if the rainfall intensity used 
is the average for a duration of 
about 20 minutes which is the pres­
ent trend of design practice as 
previously noted. This time is in 
excess of the time of concentration 
for most cases so that the outflow 
hydrograph at each inlet would 
have reached equilibrium with the 
inflow hydrograph for the drainage 

a ~e ia. 

Larson deserves great credit for 
developing his theory of the manner 
in which grating-type inlets in 
series on a continuous grade will 
adjust to the rate of runoff be-
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cause of the characteristic of in­
creased inlet capacity with in­
creased carryover. By applying 
Larson's method for determining in­
let spacing, satisfactory results 

can be obtained with fewer inlets 
than would be required for the 
assumption that each inlet on a 
continuous grade should intercept 
all the flow in the gutter. 



... 

RESEARCH REPORTS 

Special papers and reports similar to those published in the Proceed­
ings but extensive enough to warrent independent publication - Illus­

trated, paper binding. 

No. 1-D Special Papers on the Pumping Action of Concrete Pavements, 
( 1945) 135 pp. • • • • • • • • • • • • • • • • • • . • • • 

No. l·D 0946 Supplement) Additional Papers on Pumping, (1946) 67 pp. 

No. 1-D (1948 Supplement) A Survey of pumping in Illinois (1948) 53 pp. 

No. 2-F Use of Calcium Cliloride in Granular Stabilization of Roads, 
by F. L. C.Uthbert (1945) 55 pp .•• , , , , • , , • • , 

No. 3-B Progress Eleports of Cooperative Research Projects on Joint 
Spacing (1945) 108 PP• • • • , • • • • • • • • • • • • • 

No. 4-B Airport Runway Evaluation in Canada, by Dr. Norman W. McLeod, 
(1947) 138 pp ••• , , .• , , , , , , , , . , , , . 

No. 4-B (1948 Supplement) Airport P. ..... ,way Evaluation in C.mada 
(Part II) (in preparation) 

No. 5-B Skid Elesistance Measurements on Virgjnia Pavements, by 
T. E, Shelburne and R. L. Sheppe (1948) 30 pp. 

No. 6-B Surface Drainage of Highways (1948) 32 pp ••• , , , , 

1.00 

.60 

.60 

.30 

1.00 

2.00 

.45 

.45 




