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INTRODUCTION TO HIGHWAY HYDRAULICS

A Training Course Based on
FHWA Hydraulic Design Series No.4

WELCOME AND INTRODUCTIONS

I. Host Welcome

II. Introduction of Instructors

III. Introduction of Participants





OVERVIEW:

LESSON 1

INTRODUCTION

Method of Instruction: Lecture

Lesson Length: 60 minutes

Resources:

Lesson Outline
HDS-4, Chapters 1 and 3
Slides
Course Schedule

1.0

Introduction to Highway Hydraulics

LESSON 1

INTRODUCTION

Title 1.1

LESSON OBJECTIVES
· Understand overall course objectives
· Review common drainage structures
· Understand course format
· Outline course schedule
· Introduce concepts and definitions

Lesson 1, Part 1

OBJECTIVES: The objectives of this lesson are to:

1. Understand overall course objectives.

2. Review common drainage structures.

3. Understand course format.

4. Outline course schedule.

5. Introduce concepts and definitions.





LESSON 1

INTRODUCTION

Part 1: Course Objectives and Organization

1.2

Introduction to Highway Hydraulics

LESSON 1, Part 1

COURSE OBJECTIVES
AND ORGANIZATION

Lesson 1, Part 1 1.3

BACKGROUND
. :.'.Z structures convey,

remove water from
right-of-way

. Drainage design covers many
disciplines, including
- hydrology
- hydraulics

Background

I. Background

A. Highway hydraulic structures perform the vital function of conveying, diverting, or
removing surface water from the highway right-of-way.

1. They should be designed to be commensurate with risk, construction cost,
importance of the road, economy of maintenance, and legal requirements.

2. One type of drainage facility will rarely provide the most satisfactory
drainage for all sections of a highway. Therefore, the designer should
know and understand how different drainage facilities can be integrated to
provide complete drainage control.

B. Drainage design covers many disciplines, of which two are hydrology and
hydraulics.

1. The determination of the quantity and frequency of runoff, surface and
groundwater, is a hydrologic problem.

2. The design of structures with the proper capacity to divert water from the
roadway, remove water from the roadway, and pass collected water under
the roadway is a hydraulic problem.

1.1



II. Course Objectives

COURSE OBJECTIVES
. Understand basic hydraulic concepts
. Apply these concepts to highway

design and maintenance

OTHER NHI COURSES

1.4 Course objectives 1.5 Other NHI courses

A. At the end of this course, the Participant should understand basic hydraulic
concepts and principles in open channels and closed conduits. Highway drainage
facilities can be broadly classified into two major categories based on construction:
(1) open-channel or (2) closed-conduit facilities.

1. Open-channel facilities include roadway channels, median swales, curb and
gutter flow, etc.

2. Closed-conduit facilities include culverts and storm drain systems. Note
that from a hydraulic classification of flow condition, open-channel or free
surface flow can occur in closed-conduit facilities.

B. At the end of this course, the Participant will be able to apply these concepts to
highway design and maintenance such as surface pavement drainage, flow in
storm drains, operation of culverts and flow in open channels.

C. Other training courses available through the National Highway Institute provide
detailed instruction on specific topics.

1.2



1.6

COMMON STRUCTURES

· Bends
· Pavement drainage
· Storm drains
· Inlets
· Culverts
· Energy dissipators

Common structures 1.7 Highway drainage overview

III. Common Highway Drainage Structures

A. Common highway drainage structures include lined and natural channels, storm
drains, culverts, energy dissipators.

B. Slide 1.7 illustrates some of the typical drainage facilities that might be used on a
highway project.

1. At the outer edge of the right-of-way, channels on the natural ground
intercept off-site flows outside the cut-and-fill or on benches breaking the
cut slope.

2. Roadway channels between the cut slope and shoulder of the road and the
toe-of-slope channels collect flow from the roadway channels and convey
it along or near the edge of the roadway embankment to a point of
disposal.

3. A shallow depression or swale drains the median to an inlet that conveys
water to the culvert. Where channels are steep and flow velocities are
high, lining may be necessary.

4. The culvert provides for cross drainage of a relatively large stream channel.

C. The following slides illustrate common highway drainage structures.

1.3



1.8a Unlined channel

1.8c Concrete-lined channel

1.8e Commercial block lining

1.4

1.8b Grass-lined .channel

1.8d Concrete-lined channel

1.8f Soil cement bank lining



1.8g Jute lining

1.8i Grate inlet

1.8k Slotted inlet

1.5

1.8j Median inlet

1.81 Storm drain pipe



1.8m Corrugated metal pipe (CMP) culvert

1.80 Reinforced concrete pipe (RCP)
culvert

1.6

1.8n Reinforced concrete box (RCB)
culvert

1.8p Beveled inlet RCP culvert



1.8q Steel arch culvert

1.8s St. Anthony Falls (SAF) energy
dissipator

1.7

1.8r U.S.Bureau of Reclamation (USBR)
impact basin energy dissipator

1.8t Rock-riprap drop structure



IV. Important Topics not Covered

TOPICS NOT COVERED
· Computer model demonstrations
· Risk and economics
· Construction versus maintenance

costs
· Legal requirements
· Environmental considerations

1.9 Topics not covered

A. Although some or all of these items may be a major aspect of any highway project,
they are considered beyond the scope of this introductory course.

1. Computer models are valuable tools in any hydraulic design.

a. Hydrologic models

b. Open-channel flow hydraulics

c. Culvert analysis

2. Risk analysis is used to balance construction costs with future maintenance
and property damage costs. Construction, maintenance and economic
issues are discussed in HDS-4.

3. Legal requirements includes right-of-way considerations and permitting.

4. Environmental considerations also include permitting, effects on water
quality, and meeting regional and federal regulations.

1.8



V. Course Features

COURSE FEATURES
aA...._~ , videos

· Group pertlclpatlon
· Problem sessions
· Demonstrations
· Homework problems
· Metric system (SI)

1.10 Course features

A. This course largely consists of lectures using slides and videos.

B. Problem sessions of practical problems and demonstrations of the hydraulic
principles are included to aid understanding and to promote group participation.

C. Because much material is presented in only four days, home study problems are
included.

D. This course uses the metric system exclusively. The 51 metric system is an
abbreviation for International System of Units.

1. The metric system of measurement has been in use for hundreds of years.
A modern day metric system was established by international agreement
in 1960.

2. The SI system has been favorably received throughout the world and
provides a standard international language to describe measurement.

3. Additional information is available from the course materials for the Federal
Highway Administration, National Highway Institute Course No. 12301,
"Metric (SI) Training for Highway Agencies."

1.9



VII. Course Schedule

COURSE SCHEDULE
. Day1

- Introduction
- Definitions & hydraulic factors
- Hydrology
- Basic Hydraulic Concepts

1.11 a Course schedule

..~~lJFI~~.~<?Ii~[)lJL~(c:()nt.)

. Day3
- Closed-conduit flow fundamentals
- Closed-conduit flow applications

culvert design procedures
· storm drain design procedures
· culvert demonstration and workshop
· storm drain demonstration and

workshop
- Energy Dissipators

1.11 c Course schedule (cont.)

1.10

COURSESCHEDULE(~nnt\

. Day2
- Open channel flow fundamentals

steady, uniform flow
steady, non-uniform flow

- Open channel flow Applications
. design of stable chennels
. pavement drainage design

- Home study problem

1.11 b Course schedule (cont.)

.... <?~lJ.FlSE ..~<?Ii.~.[)lJ~~ ....(c:()llt.)
. Day4

- Comprehensive design problem
- Review and critique

1.11 d Course schedule (cont.)



LESSON 1

INTRODUCTION

Part 2: Concepts and Definitions

Introduction to Highway Hydraulics

LESSON 1, Part 2

CONCEPTS
AND DEFINITIONS

1.12 Lesson 1, Part 2

PURPOSE OF HIGHWAY
DRAINAGE FACILITIES

. To convey, divert or remove surface
water from highway right-of-way

- drainage facilities for offslte flow
- drainage facilities for onslte flow

1.14 Purpose of highway drainage
facilities

1.11

OBJECTIVES
• Purpose of highway drainage facilities
· Design philosophy
· Define terms

1.13 Objectives



I. Purpose of Hydraulic Structures

A. Highway hydraulic structures perform the vital function of conveying, diverting, or
removing surface water from the highway right-of-way.

1. Bridges and culverts are designed to convey offsite water across a
roadway without causing flow overtopping of the roadway for the design
event.

2. Other structures remove onsite water from the roadway or road right-of­
way.

II. Design Philosophy

DESIGN PHILOSOPHY
~:i~~~~~~~~*~~~~~@~~~~~~~~~~~~::i:i~~~~*~~:~~~~*~~:~~:~:::::::~~~M~~~~i:~~i:~~~~@~t~~$~~~:::~*m~V:~~$i:~~Wi~~~~:~~~*~~~~:*:~w*:w:;~m*.~~.;:~~!:.~::*~~*:*:~~~~m:;i;M:i~::*:~~~

. Belence risk of future demege costs
agelnst Inltlel construction costs

- d"'lln for a ptIrtlcular flood frequency
IHIHcl on Importance of roadway and alze
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1.16a Low initial cost, high maintenance



1.16b High initial cost, low maintenance

A. The primary purpose of highway drainage facilities is to prevent surface runoff from
reaching the roadway, and to efficiently remove rainfall or surface water from the
roadway.

1. Designing drainage facilities to accomplish this purpose requires balancing
the risk of future damages from runoff events (whose occurrence, in time
or magnitude, cannot be forecast accurately) against the initial construction
cost. Since this is not easy to accomplish, it is customary that a particular
flood frequency be selected for each class of highway to establish the
design discharge for sizing drainage facilities. This design frequency is
then adjusted based on evaluating a check flood to better account for the
risk involved considering traffic conditions, structure size, and value of
adjacent property.

CONVENTIONAL DESIGN FREQUENCIES

RANGE OF FLOODS
· ........ "......
· Super flood (check flood)
· Overtopping flood
· Maximum hlstorlc.1 flood
· Prob.ble maximum flood
· cellgn flood

1.17a Range of floods

1.13

Classification

1.17b Conventional design frequencies



a. For costly or high risk facilities, a range of discharges with a range
of flood frequencies are used to evaluate drainage facilities. The
range of floods considered usually includes:

- Base flood: The base flood is defined as the flood (storm or
tide) having a one percent chance of being equalled or exceeded
in any given year (100-year flood).

- Super flood: A super flood is significantly greater than the base
flood. For example, a 0.2 percent discharge (a SOO-year flood)
is one possible super flood.

- Overtopping flood: Flow at which the roadway is at incipient
overtopping conditions.

- Maximum historical flood: Largest recorded flood event for the
reach.

- Probable maximum flood: Largest possible flood based on the
most extreme weather conditions conceivable.

- Design flood: Flow used for design purposes.

1.14



b. A range of floods is also typically assumed to evaluate pavement
drainage design.

- Pavement drainage is normally designed for the 10-year flood,
except in sag vertical curves where water cannot escape other
than through a storm drain. In these locations, a 50-year event
is often used for design to prevent ponding to a depth that could
drown people if they were to drive into it. The use of a lessor
frequency event, such as the 50-year storm, to assess hazards
at critical locations where water can pond to appreciable depths
is commonly referred to as the check storm or check event. The
spread of water on the pavement during a check storm can also
be evaluated, with a typical criteria being at least one lane of
traffic open during the check event.

RISK ANALYSIS
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1.18 Risk analysis

2. One way to select the design flood frequency is through the concept of
economics (risk analysis) by establishing the least total expected cost for
the structure. This concept considers the capital costs, maintenance costs,
and the flood hazard costs that are incurred due to damage by a range of
flooding events. The flood frequency that generates the least total
expected cost for the life of the project would be the one chosen for the
design of the structure.

1.15



III. Definitions

DEFINITIONS
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· Metric system (SI)
· Hydrology
· Hydraulics
• Velocity
· Discharge
· Uniform flow
· etc.

1.19 Definitions

OVERVIEW OF 81
BASE UNITS UNITS SYMBOL CONVERSIONS
length meter m 25.4 mm = 1 Inch
mass kilogram kg 0.4536 kg = 1 Ib
time second s
DERIVED UNITS
area square meter m2 4047 m2 = 1acre

hectare ha 1ha = 10,000 m2

volume cubic meter mS 0.02832 m = 1 f'
liter L 1L =1000 ems

force newton N 4,448 N = lib

pressure pascal Pa 47.88 Pa = 1 psf

1.20 Metric system overview

A. Metric System: The metric system of measurement has been in use for hundreds
of years. The SI metric system is an abbreviation for International System of
Units, a modem day metric system established by international agreement in 1960.
The SI system has been favorably received throughout the world and provides a
standard international language to describe measurement. The United States is
the only remaining industrialized nation to convert to the metric (SI) system.
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Storm runoff and frequency

1.22 Storm runoff and frequency
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1.21 Hydrology

B. Hydrology: Study of the hydrologic cycle, or movement of water due to
precipitation, as surface or subsurface flow and evaporation. For this course,
hydrology is the determination of quantity and rate of flow based on precipitation
and basin conditions or from statistical analyses.

HYDRAULICS

1.23 Hydraulics

C. Hydraulics: Hydraulics is the determination of flow properties (velocity, depth, etc.)
and sizing or determining the capacity of structures for a given discharge.
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DISCHARGE

Discharge = Velocity times Area
__~__Jg_=-Y~A) _

1.24 Discharge

D. Discharge: The quantity of water moving past a given plane (cross section) in a
given unit of time. Units are meters cubed per second (m3/s). The plane or cross
section must be perpendicular to the velocity vector.
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1.25 Velocity

E. Velocity: The time rate of movement of a water particle from one point to another.
The units are meters per second (m/s). Velocity is a vector quantity, that is it has
magnitude and direction.
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OPEN CHANNEL I CLOSED CONDUIT

Open Channol Closed Condun Ciosod Conduit
Free Sul1sce Flow Pressure Row

1.26 Open-channel and closed-conduit
flow

F. Open-channel flow: Open-channel flow is flow with a free surface. Closed-conduit
flow or flow in culverts is open-channel flow if they are not flowing full and there
is a free surface.

G. Closed-conduit flow: Flow in a pipe, culvert, etc. where there is a solid boundary
on all four sides. Examples are pipes, culverts, and box culverts.

H. Pressure flow: Flow in a closed conduit or culvert that is flowing full with water in
contact with the total enclosed boundary.

ALLUVIAL CHANNEL

blink erosion and/or
channel migration

channBlbBd I
aggradation or
degradation

1.27 Alluvial channel

I. Alluvial channel: Flow in an open channel where the bed is composed of bed
material that has been deposited by the flow.
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Channel Bends

SUptlre/.""tlon Flow /MfhS through bend

1.28 Channel bends

J. Channel bends: The deflection of flow around a bend causes superelevation of
the outside water surface and can be extreme for high velocity flow conditions. The
flow path can be different for low and high flow conditions.

HYDRAULIC RADIUS

R =0/4

Hydraulic Radius - Area I Wetted Perimeter
R-A/P

1.29 Hydraulic radius

K. Hydraulic radius: The hydraulic radius is a length term used in many of the
hydraulic equations that is determined by dividing the flow area by the length of
the cross section in contact with the water (wetted perimeter). The hydraulic
radius is in many of the equations to help take into account the effects of the
shape of the cross section on the flow. Note that the hydraulic radius for a circular
pipe flowing full is equal to the diameter divided by four (0/4), and for wide,
shallow channels the hydraulic radius is approximately equal to the flow depth.

1.20



LESSON 2

HYDROLOGY

OVERVIEW: Method of Instruction: Lecture

Lesson Length: Lecture
Workshop -

Resources:

Lesson Outline
Slides
HDS·4

Introduction to Hlghw.y HydMUllcB

LESSON 2

HYDROLOGY

60 minutes
30 minutes

OBJECTIVES
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• Understand basic hydrologic
concepts

• Appreciate the engineering Judgment
Involved In hydrologic analysis

· Know how to apply several simple
hydrologic methods to sman highway
drainage areas

2.0 Title 2.1 Objectives

OBJECTIVES: At the conclusion of this lesson, the Participant should:

1. Understand basic hydrologic concepts.

2. Appreciate the engineering judgment involved in hydrologic
analysis.

3. Know how to apply several simple hydrologic methods applicable
to small highway drainage areas.





Flow exiting a culvert is an
example of convective acceleration

Con~~tIon • c:Mnge In vHx;Ity with _pect to distant»

1.30 Culvert outlet illustrates convective
acceleration

A hydrograph illustrates local acceleration
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1.31 Hydrograph illustrates local
acceleration

L. Acceleration: Acceleration is the time rate of change in magnitude or direction of
the velocity vector. Units are meters per second per second (m/s2). It is a vector
quantity. Convective acceleration is the change in velocity with respect to distance
only; local acceleration is the change in velocity with respect to time only.

UNIFORM I NONUNIFORM FLOW

•uJorm VA-Ve \-m-w'
B-+H+t+t--+-J ,.,

No~unllorm VBi'Ve

c 1/ 1 \\~' j _

1.32 Uniform and nonuniform flow

M. Uniform flow: In uniform flow the velocity and depth of the flow does not change
with distance. Examples are flow in a straight pipe of uniform cross section flowing
full or flow in a straight open channel with constant slope and all cross sections of
identical form, roughness and area, resulting in a constant mean velocity.

Uniform flow conditions are rarely attained in open channels, but the error in
assuming uniform flow in a channel of fairly constant slope and cross section is
small in comparison to the error in determining the design discharge.
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N. Nonuniform flow: In nonuniform flow the velocity of flow changes in magnitude or
direction or both with distance. Examples are flow around a bend or flow in
expansions or contractions.

STEADY I UNSTEADY FLOW

mr-----------,
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1.33 Steady and unsteady flow

O. Steady flow: In steady flow, the velocity at a point or cross section does not
change with time. The local acceleration is zero.

P. Unsteady flow: In unsteady flow, the velocity at a point or cross section varies
with time. The local acceleration is not zero. A flood hydrograph where the
discharge in a stream changes with time is an example of unsteady flow.
Unsteady flow is difficult to analyze unless the time changes are small.

FROUDE NUMBER

V
Fr=--

V9Y
RATIO OF

INERTIAL FORCE
TO

GRAVITATIONAL FORCE

1.34 Froude Number

Q. Froude Number: The Froude Number ( Fr =~ ) is the ratio of inertial forces
Jgy

to gravitational forces. The Froude Number is also the ratio of the flow velocity
V to the celerity, which is the rate that a small gravity wave progresses in the flow
( c = !9Y).
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R. Subcritical flow: Open-channel flow's response to changes in channel geometry
depends upon the depth and velocity of the flow. Subcritical flow (or tranquil flow)
occurs on mild slopes where the flow is deep with a low velocity and has a Froude
Number less than 1. In subcritical flow, the boundary condition (control section)
is always at the downstream end of the flow reach.

S. Supercritical flow: Supercritical flow occurs on steep slopes where the flow is
shallow with a high velocity and has a Froude Number greater than 1. In
supercritical flow, the boundary condition (control section) is always at the
upstream end of the flow reach.

1. Critical flow: When the Froude Number equals 1, the flow is critical and surface
disturbances remain stationary in the flow.

Control section

Subcritical Flov.:.TSupercritical Flow
(Low Velocity) -I (High Velocity)

Flow over a spillway illustrates
subcritical and supercritical flow

1.35 Water surface profiles

U. Water surface profiles: Water surface profile computations require identification
of the hydraulic control section and whether the channel slope is steep or mild.
Channel hydraulic calculations often commence from a location where the water
surface can be uniquely defined for a given discharge. Computation progress
upstream from the control section for mild slopes and downstream from the control
section for steep slopes. Steep and mild slopes are defined by comparing the
normal depth to the critical depth. These depths will be defined later in the course.
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NOTES:
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LESSON 2

HYDROLOGY

GENERAL
• Discharge evaluation is the first step in

drainage design
• Methodologies range from very simple

equations to complex computer models
• Engineering jUdgment is always

required
• Can compare results from different

methods

2.2 General

I. General

A. The first step in designing a drainage facility is to determine the quantity of water
the facility must carry. This can be a major component of the overall design effort.

B. The level of effort required depends on the data available and the sophistication
of the analysis technique. Methodologies range from very simple equations to
complex computer models.

C. Regardless of the methodology, hydrologic analysis always involves engineering
judgment; unlike many other aspects of engineering design, the quantification of
runoff is not an exact science.

D. It is generally a good idea to compare results from several appropriate methods.
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WHAT IS RUNOFF? WHAT ARE LOSSES?
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· Evaporation and Interception losses

· Infiltration and depression losses

PRECIPITATION - LOSSES = RUNOFF

2.3a What is runoff?

II. What is Runoff?

· Rate of losses varies with Intensity,
temperature and land conditions

2.3b What are losses?

A. Precipitation (rain or snow) falling on land and water surfaces produces watershed
runoff. Not all the precipitation that falls becomes runoff; some is lost to other
purposes/uses.

B. Part of the precipitation evaporates; part is intercepted by vegetation.

C. Of the precipitation that reaches the ground, a portion infiltrates the ground, a
portion fills depressions in the ground surface, and the remainder flows over the
surface (overland flow) to reach defined watercourses.

D. The storm runoff that must be carried by highway drainage facilities is then the
residual precipitation after losses (extractions for evaporation, interception,
infiltration, and depression storage).

E. Rate of losses depends on rainfall intensity, temperature, and characteristics of
land surface (including antecedent moisture).
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2.4 Hydrologic cycle 2.5

Time to Peak Peak Flow
I 1/

,-- Falling Limb

Time of flood

TIME

Hydrograph

F. Hydrologic cycle illustrates rainfall/runoff process.

G. Storm runoff is represented by a hydrograph, a plot of the variation of discharge
with time. The area under this curve represents the volume of runoff.

INFORMATION NECESSARY
FOR DESIGN
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• Hydrograph results useful when
storage Information necessary

• Peak flow results used for design of
culverts, storm drains, etc

• Peak flow methods will be
emphasized In this I.sson

2.6 Information for design

III. What Runoff Information is Necessary for Drainage Design?

A. Knowledge of the complete hydrograph is seldom necessary for small highway
drainage facilities. Knowledge of the peak flow during the hydrograph is usually
sufficient.

B. For example, design of median drainage facilities, a storm drain and inlets to
protect a fill slope, or a culvert draining a small area isolated by roadway fill, can
all be designed based on peak flow only.

C. Information in this lesson concentrates on peak flow estimation only.
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METHODS FOR PEAK FLOW
ESTIMATION

stream gage
- statistical analysis
- typically larger channels
- limited application in drainage structure

design

. Sites without gaged data
- empirical equations
- regression equations
- both procedures will be discussed

2.7 Peak flow methods

IV. Methods for Peak Flow Estimation

A. Sites with measured stream gage data.

1. Design peak runoff estimated by statistical analysis of the flow record.

2. Measured data usually only available for larger channels.

3. Limited application to small areas that contribute runoff to highway
drainage structures, and only brief overview will be provided in this lesson
(for detailed information, see HDS-2).

B. Sites without gaged data.

1. Without data, design peak runoff can be estimated by empirical equations
(e.g., Rational method) or by regional regression equations.

2. Regional regression equations generally applied to larger areas, and the
Rational method to smaller areas (less than 80 hectares).

3. Both procedures will be discussed.
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2.8 USGS gaging station 2.9

RECURRENCE INTERVAL

- the frequency that a given event is
equalled or exceeded on the average
once in a period of years.

· Examples

· Exceedance Probability

· Implications for design discharge

Recurrence interval

V. Concept of Recurrence Interval

A. The recurrence interval (also called return period) defines the frequency that a
given event (rainfall or runoff) is equalled or exceeded on the average once in a
period of years.

B. For example, if the 25-year frequency discharge is 100 m3/s, a runoff event of this
size or greater would be expected to occur, on average, once every 25 years.

C. The exceedance probability is the reciprocal of recurrence interval. Therefore, in
the example above, a discharge of 100 m3/s would have a 0.04 probability, or a
4 percent chance of occurrence in any given year.

D. Recurrence interval is important in selecting the design discharge.

1. A channel designed for a 1-year flood would have a low first cost, but the
maintenance costs would be high because the channel and roadway could
be damaged by storm runoff almost every year.

2.5



2. A channel designed for the 1DO-year flood would be high in first cost, but
low in maintenance cost.

ANALYSIS OF GAGED DATA
• USGS Streamgaglng program, and

other data sources

· Statistical analysis based on assumed
standard frequency distribution

· Typical distribution is log-Pearson
Type III

2.10 Analysis of gaged data

VI. Analysis of Gaged Data

A. The U.S. Geological Survey (USGS) collects and publishes much of the stream
gage data available in the United States. These data are reported in USGS Water
Supply Papers, and available by computer access through CD-ROM.

B. Statistical analysis of these data can provide a good estimate of peak discharge.
Statistical analysis allows better extrapolation in time of the available stream flow
record, by assuming that the data can be fit by some standard frequency
distribution.

C. For example, 20-30 years of streamflow data would be a good record; however,
a simple ranking of these data would probably not provide good insight on the
magnitude of the 1DO-year flood, since it is possible that the 1DO-year flood did not
occur in that 20-30 year period. A statistical frequency distribution typical for
streamflow would allow better extrapolation.

D. The frequency distribution that is most useful in hydrologic data analysis is the log­
Pearson Type III distribution.

E. A comprehensive treatment of analysis of gage data, and the application of these
frequency distributions is provided in HDS-2.
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RAINFALL ANALYSIS
• Rainfall is the driving force in runoff
• Intensity is rate of rainfall (mm/h)
• Recurrence Interval depends on

duration, since intensity varies with
duration

• Relationships usually presented as
intensity-duration-frequency (IDF)
curves

• IDF Information usually available

2.11 Rainfall analysis

VII. Rainfall Analysis

200 20 40 eo eo 100 120 140

DURATION (min)

2.12 IOF curves

A. All discharge analysis must start with knowledge of the precipitation, the driving
force in generating runoff.

B. Intensity of rainfall is the rate at which rain falls. Intensity is usually stated in
mm/h, regardless of the duration, although it can be tabulated as the total rainfall
in a given time period (duration).

C. Frequency can be expressed in terms of the average interval (return period or
recurrence interval) between rainfall intensities of a given or greater amount. The
frequency of rainfall cannot be stated without specifying the duration, since
intensity varies with duration.

O. The relationships between intensity, duration, and frequency are typically
presented as Intensity-Ouration-Frequency (IOF) curves. IOF curves are used in
analysis of peak discharge.

E. IOF information can be derived from point rainfall data collected by the National
Weather Service, the National Oceanic and Atmospheric Administration, and other
agencies. However, in most localities, the necessary rainfall data, including IOF
curves are available from city, county, state agencies and it is seldom necessary
to begin with raw rainfall data. IOF curves can also be calculated using HYORAIN.

2.7



RATIONAL METHOD
Equation and Assumptions

~ Equation

Q= CiA
360

2.13 Rational method

VIII. The Rational Method - Equation and Assumptions

A. One of the most common equations for peak flow estimation is the rational
formula:

Q CiA
360

where Q = Peak rate of runoff, m3/s

C = Dimensionless runoff coefficient assumed to be a function of the
cover of the watershed

= Average rainfall intensity, mm/h, for the selected frequency and for
duration equal to the time of concentration

A = Drainage area, in hectares, tributary to the point under design

RATIONAL METHOD
Equation and Assumptions

.:,;.;' ;;:",'"';',-::',.;,{..:o::,:._.,, ,:: ..,.. :..... ;..,... ~;.

360
~ Fundamental Assumption

For a uniform rainfall falling on a surface,
the maximum rate of runoff occurs when
all areas are contributing; the rate of
runoff is then constant

2.14 Basic assumption

2.8



B. The basic assumption in the rational formula is that if a uniform rainfall of intensity (i)
were falling on an area of size (A), the maximum rate of runoff at the outlet to the
drainage area would be reached when all portions of the drainage area were
contributing; the runoff rate would then become constant.

TIME OF CONCENTRATION
· Definition

The time required for runoff from the
most hydrsullcslly remote point to
arrive at the outlet

2.15 Time of concentration

C. The time required for runoff from the most hydraulically remote point (point from which
the time of flow is greatest) of the drainage area to arrive at the outlet is called the
time of concentration (tc)'

LIMITATIONS OF RATIONAL
METHOD

· Rainfall seldom constant

· Even when fundamental assumption
is satisfied, the rate of runoff Is not
constant due to differences in land
conditions and antecedent moisture

· These concerns limit application to
small areas (less than 80 hectares)

2.16 Limitations
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D. Actual runoff is far more complicated than the rational formula indicates.

1. Rainfall intensity is seldom the same over an area of appreciable size or for any
substantial length of time during the same storm.

2. Even if a uniform intensity of rainfall of duration equal to the time of concentration
were to occur on all parts of the drainage area, the rate of runoff would vary in
different parts of the area because of differences in the characteristics of the land
surface and the nonuniformity of antecedent conditions.

E. Under some conditions, maximum rate of runoff occurs before all of the drainage area
is contributing due to storage in the channels and large differences in time of
concentration between subareas in a larger watershed. The potential errors increase
as the size of the drainage area increases.

F. For design of highway drainage structures, the method should be limited to areas less
than 80 hectares.

SUMMARY OF ASSUMPTIONS
~~~~~~~Wm~'El!EQ·W~i{~E$i*?~~::'@m:e;ffi*::m:~::::~:i::~~::::l.<;l~::;~~:m:w«*:~~$i$f::~~m;:~l~~~~~**~:::'::~~:r:i:::'::'~~::::!'~*i~~~~EEEOOW::::~~!*

· Peak flow occurs when all the
watershed Is producing

• Intensity Is uniform over a duration
equal to time of concentration

• Frequency of rainfall equals
frequency of runoff

2.17 Summary

G. In summary, the assumptions involved in using the Rational method are:

1. The peak flow occurs when all the watershed is contributing.

2. The rainfall intensity is uniform over a time duration equal to the time of
concentration, which is the time required for water to travel from the most
hydraulically remote point to the outlet or point of interest. Note that the most
hydraulically remote point is defined in terms of time, not necessarily distance.

3. The frequency of the computed peak flow is equal to the frequency of the rainfall
intensity. In other words, the 1a-year rainfall intensity is assumed to produce the
1a-year flood.
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RATIONAL METHOD
Runoff Coefficient (C)
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· "C" Is ratio of rate of runoff to rate of
rainfall

· C values are tIIbulated by land use;
however, value also varies with
Intensity, Infiltration and other
abstractions

· Composite C values

2.18 Runoff coefficient

IX. Rational Method - Runoff Coefficient

A. The runoff coefficient (C) in the rational formula is the ratio of the rate of runoff to the
rate of rainfall at an average intensity (i) when all the drainage area is contributing.

B. The runoff coefficient is tabulated as a function of land use conditions; however, the
coefficient is also a function of slope, intensity of rainfall, infiltration and other
abstractions.

TYPICAL RUNOFF COEFFICIENTS
TYP!: OF __... ~__ .._.._,

COEFFICIEN
RURAL AREAS

O.lHJ.l1
,_... 0.1041.4

11'1~WIi U.2-G.4

rl88.11.AI .ll.8~.II.J/;:

I'un .(;RJ'lII U.4U

_.~~r U••

-WOI 0.80

2.19 Table of C values

C. HDS-4, table 11, provides a range of C values for various land-use types.

D. Where the drainage area is composed of several land-use types, the runoff coefficient
can be weighted according to the area of each type of cover present However, the
accuracy of the Rational method is better when the land use is fairly consistent over
the entire area. Significantly different land-use conditions can lead to inconsistent
estimates of the time of concentration, and hence the intensity, and potential errors
in establishing the most appropriate (C).
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RATIONAL METHOD
Time of Concentration

I,····················································..
· Total time of concentration is sum of

overland flow time, and travel times in
gutters, swales and storm drains

· Extreme precision not warranted

· Methods of calculating each
component

2.20 Time of concentration

X. Rational Method - Time of Concentration

A. The time of concentration varies with the size and shape of the drainage area, the
land slope, the type of surface, the intensity of rainfall, and whether flow is overland
or channelized.

B. The time of concentration can be considered the sum of an overland flow time and
the travel times in gutters, swales, storm drains, etc.

C. Extreme precision is not warranted in determining time of concentration, particularly
for small area drainage facility design; however, since the peak discharge (Q) is
generally quite sensitive to the time of concentration, care should be taken to ensure
an appropriate value is obtained.

RATIONAL METHOD
Time of Concentration

• Overland flow travel time based on
kinematic wave theory

t =K ·04I .

2.21 Overland flow travel time
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D. For overland flow the most physically correct approach is based on kinematic wave
theory (ASCE, 1992):

nO.6 L0.6
t = K ----:-~~~

i 0.4 S 0.3

where

t = Minutes

L = Overland flow length I m

n = Manning's roughness coefficient

= Rainfall rate, mm/h

S = Average slope of the overland flow area

K = 6.99

Important factors in applying this equation include:

1. An iterative solution is required since time of concentration and rainfall
intensity are unknown.

2. For application to natural watershed conditions, the n value should be quite
large (e.g., 0.5) to account for the large relative roughness resulting from
water running through vegetation rather than over it as compared to channel
flow conditions.

3. For paved conditions an n value in the normally accepted range for smooth
surfaces (e.g., 0.012 - 0.016) is appropriate.

4. For applicable Manning's n values, see HDS-2 or Soil Conservation Service
TR-55.
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2.22 Shallow flow average velocities

E. The velocity in shallow concentrated flow may be estimated from HDS-4, figure 4.

F. The travel time in gutter, storm drain and channel flow is typically estimated from
basic hydraulic data (t =distance/velocity).

RATIONAL METHOD
Time of Concentration

. Gutter, atorm drain and channel flow
travel time blaed on

t • dlatance/Veloclty

2.23 Channel travel time

RATIONAL METHOD
Time of Concentration

::i~$~i:~~~~*i*~mi:i::~~~~$f~~::i~~~~~~~:i*~~~~mi~:i~::r:*~i:llli'i~~:i~$~ll1:~~:i:)i:l~~~~~~*i:1~::r::f:i*~~llm:*l~ll~lfli:!:i~~*i:;:;~~~;:l::'::;~~~~~~\~i~~~:i:i:mllli~~~*lli*1~,,:;:;:;:!*l~i~~~~~*:~::::*'

• Chlnge from overland flow to shallow
concentrated flow not alwlya obvious

· MlXlmum overland flow length of
130 m Is relsonlble

· Minimum time of concentrltlon of 5
mlnutea should be Isaumed

2.24 Tc guidelines

G. It is not always apparent when flow changes from overland flow to shallow
concentrated flow. If rilling or other signs of concentrated flow are not evident in
the field, it is reasonable to assume a maximum overland flow length of 130 m.
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H. If the computed total time of concentration is less than 5 minutes, a minimum time
of concentration of 5 minutes should be used.

XI. Rational Method· Rainfall Intensity

A. Rainfall intensity data for a given return period should be determined as discussed
above (Section VII).

B. If rainfall depths are provided, calculate the intensity by dividing the rainfall depth
by duration in hours.

RATIONAL METHOD
Rainfall Intensity (I)

:i:i:i*~i:i:~*~*~~i:;~~~~~::::~:i::*i*~i*i:i:i:i~(:i:~~i:i:mi*~~~~~~i::*i*i:~i~~~*:::*i:i::~:i:~~~i:!:i*i:i:i:i:i~:!~::*~~~~i:!:~i:!:i:i:i~~*:*i:i:W:i:i*i:i~~~:~!~*::~~!:i:~i:::i*i*~~~*!~:!:!:~!:!*~~~~f~!@f!*~!:::!:!:M!:!~~~~i'

· Determined from appropriate IDF
curve.

· If rainfall depths provided, calculate
Intensity by dividing depth by hours

2.25 Rational method intensity

XII. Rational Method • Drainage Area

RATIONAL METHOD
Drainage Area (A)

~~:!*!:~f~f~~f!*~i:!*M!:!i,*!*~~~m~ff~ffmf~!::i,:!~:f~m!:!i,(((:!*::fff!:!(i,*~!*~!:mmf!::::~:::::!:f~!:!*!(i,i,i,i,(i,i,i,*!:fr.fi*~!:!:!~*I*!:I~:~~~I:m!(!:*!:!:!:f~!:!*f~!i,:!:!i,:!":!:!*!:!*!:!~*!~:!,,i,*f!:!~i,i,*!:!:~

. Drainage area In hectares, based on
topographic map or field survey

2.26 Rational method area

A. The drainage area, in hectares, contributing flow to the point in question, can be
measured on a topographic map or determined in the field during the preliminary
field survey.

B. The data required to determine time of concentration and the runoff coefficient
should also be noted at the time of the preliminary field survey.

RATIONAL METHOD
Application to Complex Areas

~r.f~~~~~~~~~~~~i~~~,~~~~~~~:i:~):~*~;:~~~~i~~~:~;~~~*::;:;'::'i;:::~m~~~~it::mi~~~*~;1:i~*~~~~::t,~~~~~~mm~i*~~~~~~~~~*i@i*mi*m~i*i,i*1*m;::*~;*m~~~~mmmm~~~!l:~~~~*

• The longest time of concentration
should be used

• It Is possible for the maximum runoff
to occur from a single subarea at a
time of concentration le.s than the
entire baaln.

2.27 Complex area application
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XIII. Rational Method - Application to Complex Drainage Areas

A. Application of the Rational method to any concentration point (e.g., storm drain
inlet or culvert) is based on the longest time of travel to the point for which the
discharge is to be determined.

B. On some combinations of drainage areas, it is possible that the maximum rate of
runoff will be reached from the higher intensity rainfall for periods less than the
time of concentration for the whole area, even though only a part of the drainage
area is contributing. This might occur where a part of the drainage area is highly
impervious and has a short time of concentration, and another part is pervious and
has a much longer time of concentration. Unless the areas or times of
concentration are considerably out of balance, the accuracy of the method does
not warrant checking the peak flow from only a part of the drainage area. This is
particularly true for the relatively small drainage areas associated with highway
pavement drainage facilities.

REGRESSION METHODS
• Regional equations used to estimate

peak flows at ungaged sites
• Equations have been developed for

both rural and urban areas
- statewide basis
- hydrophyslogrephlc basis

• Studies by FHWA/USGS/others
resulted in statewide equations
throughout US

2.28 Regression methods

XIV. Regression Methods

A. Regional regression equations are commonly used for estimating peak flows at
ungaged sites or sites with insufficient data.

B. Regional regression equations relate peak flow for a specified return period to the
physiographic, hydrologic, and meteorologic characteristics of the watershed.

C. Equations have been developed for both rural and urban areas on either a state­
by-state basis, or by definition of hydrophysiographic regions that may cross state
boundaries.

D. In a series of studies by the USGS, in cooperation with the Federal Highway
Administration (FHWA) and various other agencies, statewide regression equations
have been developed throughout the United States.
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USGS
REGRESSION EQUATIONS

. Rural Equations
- developed primarily for unregulated,

natural or nonurbanized watersheds

TYPICAL USGS REGRESSION
EQUATIONS
• Rural:

0.78 0.62

RQ10 =3.14 A S

. Urban Equations
- modify rural discharge
- seven parameters are:

drainage area, channel slope, 2-yr rainfall
intensity, reservoir/swamp storage,
impervious area, rural discharge and BDF

• Urban:
0,16 -0.36

UQ10 =9.51 A (13 - BDF)
0.79

RQ10

2.29a USGS regression equations 2.29b Typical rural/urban equations

The resulting set of equations, referred to as the USGS rural regression equations,
were developed primarily for unregulated, natural, nonurbanized watersheds. A
discussion of the accuracy of the equations and limitations in their application is
provided in HDS-2.

BASIN DEVELOPMENT
FACTOR

. BDF is primary factor describing
urbanization

. BDF based on extent of:
- channel improvements
- channel lining
- storm drains
- curb and gutter streets

2.30 BDF

E. To estimate peak discharge in urban areas, equations were developed that modify
the rural peak discharge. The primary factor describing urbanization is the basin
development factor (BDF),which is based on a combination of several manmade
changes to the drainage basin including channel improvements, channel linings,
storm drains and curb and gutter streets. A complete discussion of this method
is provided in USGS Water Supply Paper 2207 (Sauer et aI., 1983) and HDS-2,
Highway Hydrology.

2.17



NATIONAL FLOOD
FREQUENCY PROGRAM

• Regression equations are being widely
used

• All current equations were complied in
the NFF computer program

• A summary of NFF is available in
HDS·2

2.31 National Flood Frequency (NFF)
Program

F. As a result of the widespread use of various regression equations, the USGS, in
cooperation with the FHWA and the Federal Emergency Management Agency
(FEMA), compiled all current statewide and metropolitan area regression equations
into a computer program titled the National Flood Frequency (NFF) program. A
summary of the NFF, and the applicability and limitations of the regression
equations in the NFF, is provided in HDS-2. A complete discussion of NFF
program is provided in USGS Water Resources Investigations Report 94-4002
(USGS, 1994).
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HVDRAIN COMPUTER
PROGRAM

• HYDRAIN Includes seven hydrologic
end hydraulic progrems

• Hydrologic progrems ere
- HYDRO (log Pearson III, Rational Method,

and regression relationships as wen as
IDF calculations)

- HYDRA (urban storm dreln model)

2.32 HYDRAIN

XV. Hydrologic Analysis with HYDRAIN

A. HYDRAIN is a comprehensive computer system for highway drainage analysis and
design that was developed by FHWA and numerous state transportation agencies.
The HYDRAIN system includes nonproprietary computer programs to complete
various hydrologic and hydraulic analysis. Many of the programs were developed
to facilitate both simple and complex design analysis for problems commonly
encountered by transportation agencies.

B. The HYDRAIN system has modules for computing rural flood frequency
relationships (HYDRO) and urban relationships (HYDRA). HYDRO is composed
of three different discharge volume forecasting methods: Log Pearson III, Rational
method, and multiple regression relationships. HYDRO also will develop an
intensity-duration-frequency curve for a given latitude and longitude.

HYDRA is a sophisticated urban storm drain model that typically would have only
limited application in the small area hydrologic analyses discussed above.
Nevertheless, HYDRAIN is a powerful analytical tool that may facilitate some
hydrologic analyses described in this lesson, including Rational method
calculations and computation of the composite C coefficient.
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XVI. Rational Method Workshop

Given: An area tributary to a roadway channel that is 125 m long on a grade of 0.5 percent. The
tributary area has a fairly uniform cross section as follows: 4 m of concrete pavement; 8
m gravel shoulder, channel, and backslope; 60 m of forested watershed. The length of
the tributary area of 125 m. The overland flow slope in the watershed is also 0.5 percent.

------ 60 m-----I..~I

Find: Discharge for 1a-year frequency rainfall at a storm drain inlet near the lower end
of the roadside channel.
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Solution:

A. Evaluate the runoff coefficient C (see tabulated C values provided in this
example).

Type of Surface
C Area CA

(hectare) (hectare)

Concrete pavement

Shoulder, channel, and backslope

Forested watershed

TOTAL

Weighted C

B. Overland flow travel time

The overland flow travel time is obtained from the kinematic wave equation (HDS­
4, equation 2). Assume n =0.5 for the watershed.

t =

C. Channel travel time

For the channel (125 m long), the travel time will be estimated based on average
velocity and travel distance. From the shallow concentrated flow nomograph
provided with this example, the average velocity for an unpaved surface in shallow
concentrated flow is about for a slope of For the 125 m channel
the travel time is then tchannel = min.

D. Calculate the total time of concentration

The total tc =
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E. Evaluate the rainfall intensity for the duration equal to the total time of
concentration.

F. Calculate the 1a-year discharge at the outlet of the channel

The calculated discharge at the outlet of the channel is:

Q =

2.22
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Values of Runoff Coefficients, C, for Use in the Rational Method (HDS-4, Table 11).

Type of Surface Runoff Coefficient
(C1

)

Rural Areas

Concrete or sheet asphalt pavement 0.8 • 0.9

Asphalt macadam pavement 0.6 - 0.8

Gravel roadways or shoulders 0.4 - 0.6

Bare earth 0.2 - 0.9

Steep grassed areas (2:1) 0.5 - 0.7

Turf meadows 0.1 • 0.4

Forested areas 0.1 - 0.3

Cultivated fields 0.2 - 0.4

Urban Areas

Flat residential, with about 30 percent of area impervious 0.40

Flat residential, with about 60 percent of area impervious 0.55

Moderately steep residential, with about 50 percent of area 0.65
impervious

Moderately steep built up area, with about 70 percent of 0.80
area impervious

Flat commercial, with about 90 percent of area impervious 0.80

1For flat slopes and permeable soil, use the lower values. For steep slopes and
impermeable soil, use the higher values.

2.25



NOTES:
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LESSON 3

FUNDAMENTAL HYDRAULIC CONCEPTS

BASIC EQUATIONS OF FLOW
USED IN DRAINAGE DESIGN

· Continuity

· Energy

· Momentum

BASIS FOR HYDRAULIC
UNDERSTANDING

. These equations form the basis for
derivation of other hydraulic
equations using

· mathematics

· laboratory experiments

· field studies

3.3 Fundamental hydraulic equations 3.4 Basis for hydraulic understanding

I. General

A. The design of drainage structures requires the use of the continuity, energy and
momentum equations.

B. From these fundamental equations, other equations are derived by a combination
of:

1. Mathematics
2. Laboratory experiments
3. Field studies

USE OF EQUATIONS
:i:i;::/;~~m::~mw*@:::~::-~m:::M%j~::::~i:i:~ij%jj%j:@::.~m::i:~';%::M~f.::::$ri:@%':$::;.,:%;.,:m@3:ij:ij:::.::m~:%:i:i:W::::::::<~::m@;;:::~~:@:::::@~:

. Equations are used differently to
analyze

. open-ehannel flow
- closed conduits flowing full

. A closed conclult flowing partially full
Is open-channel flow

3.5 Use of equations
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OPEN CHANNEL FLOW
COMPLEXITIES
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· Compared to closed conduits flowing
full, open channel flow is complicated
by
- a free surface whera the pressure Is

atmospheric
. free surface Is controlled only by laws of

fluid mechanics
- bed of the stream or conduit may be

composed of natural materials such as
send, gravel, boulders or rock that Is
mDIIHble

3.6 Open-channel flow complexities

C. These equations are used differently to analyze open-channel flow and closed
conduits flowing full.

D. A closed-conduit flowing partially full is open-channel flow. Compared to closed
conduits flowing full, open-channel flow has the complexity of:

1. A free surface where the pressure is atmospheric

2. The free surface is controlled only by the laws of fluid mechanics.

E. Another complexity in open-channel flow is introduced when the bed of the stream
or conduit is composed of natural material such as sand, gravel, boulders or rock
that is movable.

LIMITATIONS
~::*:i:1~~~~~~~~;~~:r:::*~:::::~~r::::;~~~~""::::*~:!f.:(.¢:r:*~~~~~i~~~*:~*:::*i:::i~*r.im;::;i::~;ii~::*i;i*i~r:i~*~*~!:W~~~~~:;::(::·ii*i*i*ififi*i*iiiii*ifim~~"""e.m"~*~i~~~i$."~*~~M~~i

· Concepts presented In this course
assume one-dlmenslonal flow

· Equations and methods are given,
however they will not be derived

· Refer to standard fluid mechanics
texts, "Highways In the River
Environment" or other cited
references for more Information

3.7 Limitations
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LESSON 3

FUNDAMENTAL HYDRAULIC CONCEPTS

OVERVIEW: Method of Instruction: Lecture and demonstration

Lesson Length: Lecture
Demonstration

Resources:

Lesson Outline
Slides
HDS·4
Video
Demonstration Flume

120 minutes
60 minutes

Introduction to Highway Hydraulic.

LESSON 3

FUNDAMENTAL
HYDRAULIC CONCEPTS

3.0 Title

OBJECTIVES
. Understand th.... fundamental

equatlonl of fluid flow
• continuity Equation
· energy Equation
· momentum Equation

Underltand the definition and terml
of the energy grade line
Underltand the equation of
hydroitatici

OBJECTIVES (CONT)
~~m~mm~m::::~!*:~~*~:::~~~~mW',,*~~:i:.::.::::~~m::.~,~~~*~~~~~~~~*~~~~~::::~:::::~:::;~*l*l*~~~~~~~~~~~~~~i*!::::~~$::~~~~*i$~~~m~m::mm~f:f::::.$J~~~~~'j:i~~~

. Underltand the dlfferencel between
weir flow and orifice flow and the
varioul highway drainage Iituatloni
where the.. flow condltlonl are
developed

. Know how to apply the weir flow and
orifice discharge equatlonl

3.1 Objectives 3.2 Objectives (cont)



OBJECTIVES: At the conclusion of this lesson the Participant should:

1. Understand the three fundamental equations of fluid flow:
Continuity, Energy & Momentum

2. Recognize the differences between pressure flow and open channel
flow and understand some of the added flow complexities that may
be encountered under open channel flow

3. Understand the definition and terms of the Energy Grade Line
(EGL)

4. Understand the definition and terms of the Hydraulic Grade Line
(HGL)

5. Have a basic familiarity with the equation of hydrostatics and
potential acceleration effects

6. Understand the differences between weir flow and orifice flow and
the various highway drainage situations where these flow conditions
are developed

7. Know how to apply the weir flow and orifice flow equations



F. In the following sections:

1. Concepts presented based on one-dimensional flow assumption (flow
assumed to occur only perpendicular to the cross section).

2. The fundamental equations, derived equations and definitions of terms will
be given.

3. The equations and methods will not be derived.

4. The user is referred to standard textbooks, FHWA publications and the
literature cited for additional information.

II. Introduction of the Basic Equations

CONTINUITY EQUATION

. Derived from the principle of
conservation of ma••

. Except tor energy exchange, matter
can neither be created nor de.troyed

3.8 Continuity equation principles

A. The basic equations of flow are continuity, energy and momentum. They are
derived from the laws of:

1. Conservation of mass - another way of stating that (except for mass-energy
interchange) matter can neither be created nor destroyed.
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3.9

ENERGY EQUATION

. Based on the first law of
thermodynamics which states that
8'Iergy must be conserved at all times

Energy equation principles

MOMENTUM EQUATION

. Based on Newton's second law of
motion (F .. ma)

. A mass (of fluid) accelerates in the
direction and in proportion to the
applied force

3.10 Momentum .equation principles

2. Conservation of energy - based on the first law of thermodynamics which
states that energy must at all times be conserved.

3. Conservation of linear momentum - based on Newton's second law of motion
which states that a mass (of fluid) accelerates in the direction of and in
proportion to the applied forces on the mass.

CONSIDERATIONS

. Flow problems are greatly simplified if
either:
- there Is no flow accelel'lltlon
- acceleration Is primarily In one direction

. Inaccurate results may be determined
If accelerations are assumed to be
zero or small when they are not

3.11 Considerations

B. Analysis of flow problems are much simplified if there is no acceleration of the flow
or if the acceleration is primarily in one direction (one-dimensional flow, with the
accelerations in other directions being negligible). However, a very inaccurate
analysis may occur if one assumes accelerations are small or zero when in fact
they are not.
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C. The concepts given in this course assume one-dimensional flow. Only the
equations will be given. The user is referred to standard fluid mechanics texts or
"Highways in the River Environment" for their derivations.

III. Continuity Equation

CONTINUITY EQUATION

Applicable When:
- fluid density is constant
- flow is steady
- no significant lateral inflow or seepage (or

they are accounted for)
- velocity is perpendicular to area

3.12 Continuity equation

A. The continuity equation is:

where
v =Average velocity in the cross sectionferpendicular to the area, m/s
A = Area perpendicular to the velocity, m
Q = Volume flow rate or discharge, m3/s

3.5



3.13 Sketch of continuity concept

B. The continuity equation is applicable when:

1. Fluid density is constant

2. Flow is steady

3. There is no significant lateral inflow or seepage (or they are accounted for)
4. Velocity is perpendicular to the area

NOTES:

3.6



D. Example Problem

Given: A storm drain flowing full transitions from 0.7 to 1.0 m diameter pipe.
Determine the average velocity in each section of pipe for a discharge
0.5 m3/s.

0.5 m1s 07
~ . m

1.0 m

Find:
(b)

(a) Velocity at section 1 (0.7 m pipe)
Velocity at section 2 (1.0 m pipe)

Solution: Since the discharge at the beginning of the pipe must equal the
discharge at the end of the pipe, the continuity equation can be used:

Basic equation: Q = VA Rearrange to get V = Q
A

7t02
For a circular pipe: A = __

4

At cross section 1:

At cross section 2:
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IV. Energy Equation

ENERGY EQUATION
1f~~1{~,~mr::~";$);$'fi'*!:;;!l@*,~~#ffiW1ii*'t~k~i£:.iII!~lW'~:\'fif,l'1ft$j,4Il::ili;;m:-¥~'U%_fit$'$fi:tq_;"'l:ai:lW~

3.14 Energy equation 3.15 Energy equation

Flow _

A. The energy equation is:

where
a. = Kinetic energy correction factor, normally assumed to be one
V = Average velocity in the cross section, m/s
g = Acceleration of gravity, 9.81 m/s2

p = Pressure, N/m2 or Pa
y = Unit weight of water, 9,800 N/m3 at 15°C
Z = Elevation above a horizontal datum, m
hL = Headloss due to friction and form losses, m
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ENERGY GRADE LINE (EGL)
Definition and Components

""__ifll'l1·1.1I'£*IImN_H__m"*ft.·~,,ftI~'Ii\~

• Total energy at any given cross
section

• Sum of three components

v'Velocity head a_
2g

Pressure head P
T

Elevation head z

3.16 Energy grade line components

B. The energy grade line (EGL) represents the total energy at any given cross
section, defined as the sum of the three components of energy represented on
each side of the energy equation. These components of energy are often referred
to as the:

1. Velocity head

2. Pressure head

3. Elevation head

HYDRAULIC GRADE LINE
(HGL) - Definition

• DefIned As:

Energy Grade Line· Velocity Heed

or

Pressure heed + Elevetlon heed

3.17 Hydraulic grade line (HGL) definition

C. The hydraulic grade line (HGL) is below the EGL by the amount of the velocity
head, or is the sum of just the pressure head and the elevation head.

D. The energy equation can be applied to open-channel and pressure flow.
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NOTES:
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3.19 Application of energy principle to
pressure flow



G. Example Problem

Given: The velocity at the upstream end of a rectangular channel 1 m wide
is 3.0 mis, and the flow depth is 2.0 m. The depth at the downstream
end is 1.7 m. The elevation at section 1 is 500 m and at 2 is 499.90
m. Assume the kinetic energy correction factor is 1.

Section 1
Section 2

-
v • 3.0 m/s

•
2.0m 1.7m

Elevation
500.0 m

Elevation
499.9 m

Find: (a) Headloss (hL) due to friction.

Solution: Step 1: Use the continuity equation to find the velocity at section 2.

a = VA

Step 2: Use the energy equation to find the headloss, hL

V2 V2

_1 + Y1 + Z1 = _2 + Y 2 + Z2 + hL2g 2g
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V. Momentum Equation

MOMENTUM EQUATION

-In the x direction for steady flow with constant density

- Vector Equation· similar terms used for y and z

- Momentum Coefficient (P) generally taken to equal 1.0
since correction is less than 10% even for a very
nonuniform velocity distribution

3.20 Momentum equation

A. The momentum equation is:

where
Fx = Forces in the x direction, N
p = Density, 1,000 Kglm3

~ = Momentum coefficient, normally assumed to be 1
a = Volume flow rate or discharge, m3/s
V = Velocity in the x direction, mls
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B. The momentum equation is a vector equation and similar equations are used for
the y and z directions.

C. The momentum concept is important in grate design, energy dissipators, paved
channels intersecting at angles, and hydraulic jump analysis.

D. Video clip on continuity, energy and momentum.
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E. Example Problem

Given:

Find:

For a bridge widening project, an existing city water main must be
relocated. The water main is 900 mm in diameter and carries 9.0
m3/s. Relocation of the water main will require a 45 degree bend in
the pipe. The pressure in the pipe at the location of the bend is
78,000 N/m2.

The forces that an anchor on the pipe at the bend needs to withstand.

Bridge

Solution:

1. Determine velocity in pipe

A = 1t 0
2 = 1t(0.9)2 = 0.64 m2

4 4

a = VA ~ V = a = 9.0 m
3
/s = 14.1 m/s

A 0.64 m 2

2. Use the momentum equation to find the forces on the bend in the x- and y­
directions.

a. First, draw a diagram of the bend and label the forces. (Note: sign
convention is important in drawing a force diagram).
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Force Diagram

Sltn CanvenUon+yL
+x

b. For forces in the x direction, the Momentum equation states

EFx = pO (V2x - V1x)

c. The forces acting on the pipe include pressure on either side of the pipe and
the resisting of the anchor.

Fanchor + P2x A2x - P 1x A1x cos45 = pO (V2x - V1 cos45)
x

d. First, determine the forces in the x direction (assuming no change in pressure
through the bend):

Fanchor + 78,000(0.64) - 78,000(0.64) cos45 = 1000(9) (-14.1 + 14.1 cos45)
x

Fanchor + 49,900 - 35,300 = -37,200
x

Fanchor = -37,200 - 49,900 + 35,300
x

Fanchor = -51 ,800 N
x
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e. Next, determine the forces in the y direction:

Fanchor + 0 -78,000(0.64) sin 45 = 1000(9) (0+14.1 sin 45)
y

Fanchor - 35,300 = 89,700
y

Fanchor = 125,000 N
y

f. Total force is (magnitude and direction)

Ftotal = t/51,8002 + 125,0002

Ftotal = 135,300 N

The direction of this force is about 113 degrees counterclockwise from the
+x axis. This force equivalent to the weight of 10 automobiles sitting atop
the anchor!
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VI. Hydrostatics

HYDROSTATICS
~1!f'_*,fi:'i!~_dMiOO'~W~W,i..,$%,4'1~::~ht~r:m$A'l:;HIlr,)$~rriat~rw.m-(*•. *li;%'1iCW#w;t:'

• Steady uniform flow (or no flow) the
acceleration is zero

- equation of hydrostatics is:

~ + Z =Constant

• When fluid acceleration is small (gradually
varied flow) the pressure distribution is
considered hydrostatic

3.21 Equation of hydrostatics

A. In steady uniform flow (and for zero flow), the acceleration is zero and we obtain
the equation of hydrostatics.

p + Z = Constant
y

ACCELERATION EFFECTS ON
PIEZOMETRIC HEAD

• Piezometric head term Is not constant
and varies In the flow field when there
Is acceleration

.In curvilinear flow the pressure Is
larger than "flo due to acceleration
caused by a change In direction

3.22 Acceleration effects on piezometric
head

3.17
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B. However, when there is acceleration, the piezometric head term (p/y+Z) varies in
the flow field. That is, the piezometric head is not constant in the flow.

HYDROSTATIC PRESSURE
~ The constant In the equation for

hydrostatics equals zero for gage
pressure at the free surface of a liquid

~ For flow with hydrostatic pressure
throughout

- steady, uniform flow or
- gradually varied flow

the pressure head ply Is equal to the vertical
distance below the free surface

3.24 Hydrostatic pressure

NON-HYDROSTATIC
PRESSURE CONDITIONS

. R.,mIly .,."1,,, flow

. at..mll.,.. .... converging, expanding
or h.ys substantial curvatu...
(curvllinear flow)

. flow .cceleratlons .... not small .nd the
p.....u... dlstrll:MlOn Is not hydroatdc

3.25 Non-hydrostatic pressure distributions

C. In general, when fluid acceleration is small (as in gradually varied flow) the
pressure distribution is considered hydrostatic.

D. However, for rapidly varying flow where the streamlines are converging, expanding
or have substantial curvature (curvilinear flow), fluid accelerations are not small
and the pressure distribution is not hydrostatic.

E. The hydrostatics equation constant is equal to zero for gage pressure at the free
surface of a liquid, and for flow with hydrostatic pressure throughout (steady,
uniform flow or gradually varied flow) it follows that the pressure head ply is
equal to the vertical distance below the free surface.
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3.26 Pressure head in channels with
steady uniform flow

F. In sloping channels with steady uniform flow, the pressure head ply at a depth
y below the surface is equal to

.E.=ycose
y

1. Note ~hat y is the depth (perpendicular to the water surface) to the point.

2. For most channels, 9 is small and cos 9 =1.
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WEIRS
· Typically a notch of regular shape

• rectangular
- square
- triangular

· Free surface flow condition

· Weir crest
- edge or surface that the water flows

over

3.27 Weir description

VII. Weirs

WEIR TYPES
::::;::::@;:;:::mn:;:n:;m~:;$m:::::~;:::~~~:;::m::@~'%~~::::$;l~~:*::.;::mm:¥;~~::m ::::;t%~4@;;:;~tP;::;:4~:;:;;::m:;:;:;~:::;:::;;;:;:,,;:;:;:;:~:mm~:mm;:w;;:::m~m

· Sharp crested weir
- weir where water springs free of the crest

at the upstream side
· Round edge or suppressed weir

- short weir crest length where the water does
not spring free of the crest

· Broad crested weir
- sufficiently long horizontal or sloping weir to

develop hydrostatic pressure

3.28 Weir types

A. A weir is typically a notch of regular shape (rectangular, square, or triangular), with
a free surface.

B. The edge or surface over which the water flows is called the crest.

C. A weir with a crest where the water springs free of the crest at the upstream side
is called a sharp-crested weir.

D. If the water flowing over the weir does not spring free and the crest length is short,
the weir is called a not sharp-crested weir, round edge weir, or suppressed weir.
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~Ht Flow_

=~Broad Crested Weir

Flow_

-~
Sharp-Crested Weir

FIow-

-~
Not Sharp-Crested Weir

WEIR USES AND EXAMPLES
"'''''''''''''j@':'''WiY;''iti~iii~'h''fy1f=\\i8'~=i'tl'f:~,"'''''il'~lmM¥

flowretes In channels

. Sharp crested weirs must be _rated for
flow measurement

. Examples of weir flow related to
highway engineering
- flow over the top of bridges or roadW8)'

embenkments
- flow spilling through curb Inlets

3.29 Weir types 3.30 Weir uses and examples

E. If the weir has a horizontal or sloping crest sufficiently long in the direction of flow
that the flow pressure distribution is hydrostatic it is called a broad- crested weir.

F. As with orifices, weirs can be used to measure water flow.

G. Strictly speaking a sharp-crested weir, for measurement purposes, must be
aerated on the downstream side and the pressure on the nape downstream be
atmospheric.

H. Examples of weir flow that are of interest to the highway engineer are:

1. Flow-over approach embankments

2. Flow spilling through curb inlets
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WEIR EQUATION
_r.ft.~W:::'HIIIJftlrl!i. __ :.At\,llmflt!~:1ft$~.l·:it_If~ff1mi'm1\m;:jlll$:lRll~mTr~~~~llll:~IIW!al;OO)ft:~:rm,}~:!P$:~I

.. Discharge across a weir
(sharp-crested or broad-crested) is:

312

Q = CoL H

- discharge coefficients are available In
handbooks

- metric Co· english CD x 0.552
- submergence (tallwater) corrections

3.31 Weir equation

I. The discharge across a weir (sharp-crested or broad-crested) is:

Q = Co L H3/2

where
Q = Discharge, m3/s
CD = Coefficient of discharge for weirs
L = Flow length across the weir, m
H = The head on the weir, m. The depth of flow above the weir crest

upstream of the weir (typically measured at a distance of about
2.5H upstream of the weir)

NOTES: 1. Coefficients of discharge are given in most handbooks for the
different types of weirs or flow conditions.

2. CD has units of {g and values tabulated in English units
must be converted to metric units by mUltiplying by the factor

V9.81 / V32.2 or 0.552.

3. Correction factors are also available if the weir is submerged.
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J. Example Problem

Given:

Find:

During a flood, water overtops a roadway embankment at a sag in
the roadway profile.

Determine the amount of flow over the road and its velocity if the
inundated roadway length = 130 m and qq = 3.1 (English units).
The flow area was calculated to be 390 m based on a high-water
mark on a tree and the roadway profile.

F-IO-W_--__

T

_
S
__:L-dI11-11'lii-lllli-iilllll-:iilli-i,:::::::_-----

Road Cross Section

Find:

Solution:

Discharge and velocity

Use the broad-crested weir equation and the continuity equation
since the road acts as a weir.

Q = CoLH 3/2 and Q = VA

a. Since the flow depth changes across the length of the road, use the
hydraulic depth for H (area / topwidth)

b. Find the velocity of the flow from the continuity equation.

Q = VA
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VIII. Orifices

ORIFICES
· Orifice is an opening with regular

shape
- circular
- aquara
- rectangular

· Water Is In total contact with the
perimeter

· If opening is only partially full, orifice
becomes a weir

3.32 Orifice definition

....
<;

Flow- -

3.33 Orifice flow representation

A. An orifice is an opening with a regular shape (circular, square or rectangular)
through which water flows in contact with the total perimeter.

B. If the opening is flowing only partially full, the orifice becomes a weir.

ORIFICE FLOW CONDITIONS
@m~::::::::¥*'$.WW@..¥.::::~Bn:::~:::::mH:::N:@r::-w..::::::ii:::::i%m~~@~-t.:K:i::'1l:::::~W::::iW~::::~,,;:::;:::mw.m:

· Free discharge orifice - orifice jet
discharges into the air

· SUbmerged orifice - discharges under
water

· Common flowrate measuring devices
· Orifice flow conditions are also

developed under circumstances
where head losses, backwater effects
need to be determined

3.34 Orifice conditions

C. An orifice with a sharp upstream edge is called a sharp-edged orifice.

D. If the jet of water from the orifice discharges into the air, it is called a free
discharge.

E. If it discharges under water, it is called a submerged orifice.

F. Orifices are common fluid discharge measuring devices, but orifice-type flow
occurs under other circumstances where headloss, backwater, etc. needs to be
determined.
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ORIFICE FLOW CONDITIONS
~_~_~~ .. ~ %::::mm~K~~~~~'wm::.1::~:m:::::m:;:"W

• Examples of orifice flow of Interest to
highway engineers
• flow through bridges when they 8re

overtopped
• flow through culvert Inlets
· curb Inlets flowing full

. When a bridge is overtopped
· flow through the brk1g8 Is orifice flow
- flow over the bridge's _Ir flow

3.35 Orifice flow conditions

G. Examples of orifice flows of interest to highway engineers are:

1. Flow through bridges when they are overtopped
2. Flow-through culvert inlets
3. Curb inlets flowing full

H. When a bridge is overtopped the flow through the bridge is orifice flow, but the
flow over the bridge is weir flow.

ORIFICE EQUATION

~ Equation
~ Discharge coefficients are given in

most handbooks

Q= CoAJ2g ~H

3.36 Orifice equation

I. The discharge through an orifice is:

Q = CD A J2g~H

where a
CD
A
g
MI

= Discharge, m3/s
= Coefficient of dischar~e
= Area of the orifice, m
= Acceleration of gravity =9.81 m/s2

= Difference in head across the orifice, m

J. Coefficients of discharge are given in most handbooks. For an unsubmerged
orifice, the difference in head is measured from the centerline of the orifice to the
upstream water surface. For a SUbmerged orifice, it is the difference between the
upstream and downstream water surface elevations.
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IX. Demonstration

Purpose: To use the demonstration flume to illustrate the following concepts:

1. Continuity principle

2. Energy principle

3. Weir flow

4. Orifice flow

A. Demonstration 1

The continuity equation will be validated by comparing the measured discharge
with the product of the measured velocity and area. The discharge will be
measured with a bucket and stop watch. The velocity will be measured with a
floating ball and stop watch, and the area will be directly measured.

The application of the continuity principle will be illustrated by a side wall
contraction in open-channel flow. The discharge rate is the same in both reaches.
This can be demonstrated by comparing a velocity-area measurement in the
upstream reach with a bucket/stop watch measurement at the outlet. Knowing the
discharge, the velocity at any cross section in the contraction can be determined
by applying the continuity equation after measuring the flow area.

NOTES:
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B. Demonstration 2

The energy principle will be demonstrated by measuring the three components of
the energy equation. The application of the energy equation will be illustrated by
comparing the EGL between the headbox and flume with the sluice gate in place.

NOTES:

C. Demonstration 3

Both broad- and sharp-crested weir flow conditions will be demonstrated. By
adjusting tailwater conditions, both free overall and submerged weir flow conditions
will be created. For a given discharge, the differences in headwater will be
observed between broad- and sharp-crested weirs (remember that a sharp-crested
weir is one where the water springs clear of the crest).

The coefficient of discharge for both broad- and sharp-crested weirs will be
determined experimentally and compared to tabulated values (e.g., Handbook of
Hydraulics, by Ernest Brater and Horace King, sixth edition, McGraw Hill Book
Company, pg 5-40 for broad-crested weirs; pages 5-7 to 5-8 for sharp-crest weirs).
Note that the coefficient of discharge for broad-crested weirs in English units is
about 2.8-3.2, while for sharp-crest weirs it is typically about 3.5.

NOTES:
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D. Demonstration 4

Orifice flow conditions will be demonstrated for a small orifice with a free
discharge. For a given discharge, the change in headwater will be measured
between a sharp-edged orifice and an orifice with a rounded inner face to illustrate
the importance of inlet condition. The effects of sUbmergence will also be
demonstrated.

The coefficient of discharge for a sharp-edged orifice will be determined
experimentally and compared to tabulated values (e.g., Handbook of Hydraulics,
by Ernest Brater and Horace King, sixth edition, McGraw Hill Book Company, pg
4-31). Note that the coefficient of discharge for a sharp-edged orifice is about
0.61.

NOTES:
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LESSON 4

OPEN-CHANNEL FLOW FUNDAMENTALS

OVERVIEW: Method of Instruction: Lecture

Lesson Length: Steady Uniform Flow
Steady Nonuniform Flow
Demonstration

Resources:

Lesson Outline
Slides
Video
Demonstration Flume
HDS-4, Chapter 4

75 minutes
75 minutes

105 minutes

Introduction to Highway Hydraulics

LESSON 4

OPEN CHANNEL FLOW
FUNDAMENTALS

OBJECTIVES
• Understand the basic concepts and

calculation procedures for:

- steecly uniform flow
- steecly nonuniform flow

4.0 Title 4.1 Objectives

OBJECTIVES: At the conclusion of this lesson, the Participant should:

1. Understand the basic concepts and calculation procedures for
steady uniform flow (Manning's equation, roughness determination,
velocity distribution and shear stress and Froude Number).

2. Understand the basic concepts and calculation procedures for
steady nonuniform flow (rapidly varied versus gradually varied flow,
specific energy and specific discharge, hydraulic jump, standard
step method).





LESSON 4

OPEN-CHANNEL FLOW FUNDAMENTALS

PART 1 • STEADY UNIFORM FLOW

Introduction to Hlghw.y Hyd,..ullc.

LESSON 4, Pert 1

STEADY UNIFORM FLOW

4.2a Part 1, Steady uniform flow

INTRODUCTION
*~~~::~~$.i:$:~~~~m::i*i:*iW:~~1~~g~*m'*i..~~~~SW!~*i*i~*!:::::~~:wM*!i!f.r.:~~~,*.tf~~$.::::~::::~~:

• Open chlnnel flow more compllclted
thin cloMd conduit flowing full

• CloHd conduits flowing part full Ire
open chlnnels

• Flow cln be study, unsteldy,
uniform or nonuniform

• Study uniform flow often Issumed

4.3 Introduction

I. Introduction

OBJECTIVES· Part 1

• Undersllnd the beslc concepts Ind
cllculltlon procedures for stNdy
uniform flow

- Manning equation,
- roughne.. determination
- velocity dlatrlbutlon and ahear atre..
- Froude number

• Undersllnd concept of subcrttlcIl,
crlticil Ind supercrlticil flow

4.2b Part 1 objectives

A. Open-channel flow is more complex than closed-conduit flow flowing full, because
of a water surface. An additional complexity is introduced when the boundary is
mobile (e.g., alluvial channel conditions).

B. Open-channel flow can occur in open channels or closed conduits flowing partly
full.

C. Open-channel flow can be steady or unsteady, uniform or nonuniform. The
simplest flow condition is steady uniform flow.
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STEADY UNIFORM FLOW
=':::::':;::,::;;:,':::::::,.:.:.;.'.- - ,···'..·'·:':·:':"··:':·:·:·:·,~:;;::::::::::::,mm~ ::::::::,,~:::::::::::::~::::::::::;:,::::;:::~i::~:::::;:~,;~:;;::;~::~,,;i;~W;:':;:;:i~: ;;':':i>.%%,:;i:*i:':"'i:" ::';:::;:;:,:,N:i:mi:":,':::'i ':;.~;:

• Steady uniform flow is rare in natural
channels

• Steady uniform flow assumption is
reasonable for many practical
problems

• Many flows are near steady uniform
conditions under "normal" conditions

• Definition of variables in normal
depth flow conditions

4.4 Steady uniform flow

D. In steady uniform flow the depth, water area, velocity and discharge are constant
over time (steady) at every section of the channel (uniform). Additionally, the
energy grade line, water surface and channel bottom are all parallel (that is, their
slopes are all equal).

E. Steady uniform flow is rare in natural streams; however, this condition is frequently
assumed in the computation of flow conditions. The results obtained are
understood to approximate the real flow conditions.

F. Steady uniform flow is often assumed because it provides a relatively simple and
satisfactory solution to many practical problems.

G. For all practical purposes, steady uniform flow can be assumed under "normal"
conditions. That is, in the absence of flood flows or varied conditions caused by
boundary irregularities.

H. The depth in steady uniform flow is called the normal depth. The symbol for it is
given the subscript 0 as in Yo' The velocity V is often given the same
subscripts, Le., Vo' Other variables of interest for steady uniform flow are (1) the
discharge Q, (2) the velocity distribution vy in the vertical, (3) the headloss HL
through the reach, and (4) the shear stress, both local and at the bed 'to' All
these variables are interrelated.
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MANNING'S EQUATION
::i<':·~;::~~:~:::~i:i~%}:;''*t:Wi:i:~i::::mm~i.~~::;::~:~::%:::;:i:i~: :;:,:::::::::;:,~::::::;::%:;:;:::::;~~ ::~<::::;::~::::<;:::;:'::::::::::;';':':':'-'-'-'-'"••••••••

• Water flows in a sloping channel due
to force of gravity

• Flow is resisted by friction between
water and wetted surface

• This relationship described by
Manning's Equation

1 2/3 1/2
V--- R S

n

4.5 Manning's equation

II. Manning's Equation for Mean Velocity and Discharge

A. Water flows in a sloping drainage channel because of the force of gravity. The
flow is resisted by the friction between the water and wetted surface of the
channel. The quantity of water flowing (0), the depth of flow (y), and the velocity
of flow (V) depend upon the channel shape, roughness (n), and slope (50)'

B. The metric form of Manning's equation for the velocity of flow in open channels is:

where
V = Mean velocity, mls
n = Manning's coefficient of channel roughness
R = Hydraulic radius, m
5 = Energy slope, mlm
For steady uniform flow 5 = 50

C. Manning's equation is applicable only for steady, uniform flow.

D. Estimation of n value is a critical part of applying Manning's equation.
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HYDRAULIC RADIUS

R = D/4

Hydraulic Radius" Area / Wetted Perimeter
R" AlP

4.6 Hydraulic radius

E. Note that the hydraulic radius, R, is a shape factor that depends only upon the
channel dimensions and the depth of flow. It is computed by the equation:

AR =
P

where
A = Cross-sectional area of the flowing water perpendicular to direction

of flow, m2

P = Wetted perimeter or the length of wetted contact between a stream of water
and its containing channel, perpendicular to the direction of flow, m

For a circular pipe flowing full, the hydraulic radius simplifies to the diameter
divided by four.
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MANNING'S EQUATION
• From

a-VA

• Therefore,

1 2/3 1/2
a - ... A R S

n

4.7 Manning's equation for discharge

F. The discharge Q is determined from the equation of continuity:

Q = AV

where
Q = Discharge, m3/s
A = Cross-sectional area, m2

V = Mean velocity, mls

By combining these equations, the Manning's equation can be used to compute
discharge directly, or given the discharge, can be used to solve for flow conditions.

Q = .!. A R2/3 S 1/2
n
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ESTIMATING "n" VALUES
values

• Equations

• Photographs

4.8 Estimating n values

III. Estimating Manning's n Value

A. The Manning's n value can be estimated from tabulated values by knowing the
general nature of the channel boundaries (see HDS-4, table 12).

B. Equations also exist for calculating Manning's n values.

C. One of the more accurate methods for estimating Manning's n values is to review
case study photographs with n values calculated from field data.

CASE STUDY "n" VALUE
INFORMATION

Characteristics of Natural
Channels," USGS Water-Supply Paper
1849

• "Guide for Selecting Manning's
Roughness Coefficients for Natural
Channals and Flood Plains," USGS
Water-Supply Paper 2339

4.9 Sources for case study information
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4.10a Channel n = 0.030

4.10c Channel n = 0.070

4.11 a Floodplain n = 0.12

4.7

4.10b Channel n =0.045

4.11 b Floodplain n = 0.20



CONVEYANCE
';""""""'''''''''''''':'''''e'~oss''secnon'''p';operties'''car1"'l)e"'*~"",·""m'''''''''''*'''''''''''''''''''M

grouped in a term called conveyance

1 2/3
K •••• A R

n

• Manning Equation Is then

1/2
Q. K S

4.12 Conveyance

IV. Conveyance and the Manning's Equation

A. In many computations, it is convenient to group the cross-sectional properties in
the Manning's equation into a term called conveyance, K,

K=-!.AR 2/3

n

then

Q = K S 1/2

• Variable roughness must be
subdivided

• Conveyance curve can be drawn

• Conveyanca can be used to evaluate
distribution of flow through multiple
bridge openings.

4.13 Calculating conveyance

B. When a channel cross section is irregular in shape such as one with a relatively
narrow deep main channel and wide shallow overbank area, the cross section
must be subdivided and the conveyance and/or discharge computed separately for
the main channel and overbank area.
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C. Concrete channels and culverts may have an alluvial boundary because of
deposition of bed material in the invert.

D. In sand-bed channels the bed material is easily eroded and continually being
moved and shaped by the flow. The interaction between the flow of the
water-sediment mixture and the sand bed creates different bed configurations
which change the resistance to flow, velocity, water surface elevation, and
sediment transport.

BED FORMS AND
RESISTANCE TO FLOW

• Changing bed forms changes
resistance to flow, and hence velocity
and flow depth

• Changes can occur during a single
flood event, dramatically altering
flooding and/or erosion

• Bed forms can form In coarse as well
as fine bed material

(!)-~---- --~--_®

~®

~
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4.16 Bedforms and resistance to flow 4.17 Forms of bed roughness

E. Flow in alluvial channels is divided into two regimes separated by a transition
zone. Forms of bed roughness in sand channels are shown in the following figure.
The impact of changing bedforms can dramatically change resistance flow, and
hence velocity and flow depth creating either increased flooding or erosion.
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C. The same procedure is used when different parts of the cross section have
different roughness coefficients. In computing the hydraulic radius of the
subsections, the water depth common to the two adjacent subsections is not
counted as wetted perimeter.

D. Conveyance can be computed and a curve drawn for any channel cross section
as a function of depth or stage. If the section was subdivided, the conveyance of
each subsection (Ka• Kb, ...Kn) is computed and the total conveyance of the
channel is the sum of the conveyances of the subsections.

E. The concept of channel conveyance is useful when computing the distribution of
overbank flood flows in the stream cross section and the distribution through the
openings in a proposed stream crossing. The discharge through each opening
can be assumed to have the same ratio to the total discharge as the ratio of
conveyance of the opening bears to the total conveyance of the channel.

ALLUVIAL CHANNELS
""* ::::::::,:;~:::::::::::::::m:*m,:::;::::K ;:l':::":::::::;:;:;~~:::::::::::~::::::l:~::~:;~:;~~~~~::::'::::::::::~::; ::::::::::::::;"::::::i::::~~~:::::::::::l:::::::~':~~~:::: ::::::::m:::::::::::~: ::::":'::;~:' ·:::::~:::~mm': ::::::::::::::~

• Alluvial channel:; formed in material
that has been or can be moved by
flow

• Typically composed of bed-material in
the 0.062 to 250 mm range.

• Lined channels and conduits can
have an alluvial boundary due to
deposition

• Movable boundary creates bed forms

.'20m

Conveyance Curve
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Corrveyance K (m"31')

4.14 Conveyance curve for a subdivided 4.15 Alluvial channels
compound channel

V. Resistance to Flow in Alluvial Channels

A. Alluvial channels are channels formed in material that has been and can be
transported by the flow.

B. They are commonly made up of bed material composed of sando, gravel-, and
cobble-sized material in sizes ranging from 0.062 mm for fine sand to 250 mm for
large cobbles.
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F. In contrast to sand-bed channels, coarse-bed channels may not move at low flow,
but at moderate or large flows, the material may become mobile. With the
movement of coarse bed material, large bars may form which will be residual at
low flow. These bars can re-direct flow and cause bank erosion, scour holes, and
clog drainage channels. However, coarse bed material in drainage channels can
have a beneficial effect by decreasing erosion by armoring of the bed.

NOTES:
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4.18a Ripples

4.18c Plane bed

4.18e Breaking antidunes

4.12

4.18b Dunes

4.18d Antidunes

MANNING'S "n" VALUES FOR
BEDFORM CONDITIONS

4.19 Manning's n values for bedforms



AIDS FOR SOLVING
MANNING EQUATION

*""""-:"·,ormut••lOr'geometrfc"'propertle.'of""m",..,_-
various prismatic channel shapes

• Nomog...phs

• prog...mmable calculators

• computers
- sprudsheets
- spscla' software

4.20 Aids for solving Manning's
equation

VI. Aids for Solution of the Manning's Equation

A. Formulas for geometric properties of various channel shapes are readily available.

B. Procedures based on nomographs and tabulated values are available; however,
calculators and computers have made this approach obsolete. Computer
applications based on a spreadsheet, or special software, are available.

C. For rectangular and trapezoidal channels, the equations for the computation of
Area A, wetted perimeter, P, and hydraulic radius, R, are:

A = B Y + Z y2

By + Zy2
R=--r===

B + 2y V1 +Z2

4.13



VII. Manning's Equation Problems

Part 1: Application of Manning's equation to determine velocity and discharge.

Given: Trapezoidal earth channel B =2 m, sideslope 1V:2H, S =0.003 mlm,
Normal depth y =0.5 m, n =0.02.

..
2m

Find: Velocity V and discharge Q

Solution:

V =

Q = AV =

4.14
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Part 2: Application of Manning's equation to determine velocity and flow depth, given discharge.

Given: A concrete trapezoidal channel B = 1.5 m, sideslopes 1V:2H, n = 0.013,
slope =0.002, a =3 m3/s

..

Find: Depth y and velocity v

1.5m
..

Solution: Use Manning's equation with continuity

a = AV = A 2. R 2I3 S 1/2
n

Relationships for A and Rare

A = By + Zy 2 =

By + Zy 2
R = _-"---;::::::==

B + 2yJ1 + Z2

4.15



SUbstituting A and R into Manning's Equation

Trial and Error Solution for y

Try Y :: 0.70;

Try y :: 0.60;

4.16



VELOCITY VARIATIONS
.• I 11 ml.t~t\( mmu..... 'ilIiI. ."HI~ :;a

• Velocity In a 1iIlven cro.. HCtIon Is
not unltorrnly distributed

• Velocity can vary horizontally,
particularly In bends

• Velocity can vary vertically

4.21 Velocity variations

VIII. Velocity Distribution and Shear Stress

A. Velocity is not constant throughout the cross section, but varies horizontally
and vertically. Horizontal variations are particularly prevalent in channel
bends.

Flow-

4.22 Velocity profile schematic

• ka-
:':"':"'T

VELOCITY PROFILE
_~~!~~fi_rllllli,:1111_HJIi1JIIIIj

V Xy
--- • 5.75 log (30.2 0 )

v* k.

v XYo
_•• • 5.75 log (12.27 0 )

v* k.

4.23 Velocity profile equations

B. As a result of boundary roughness, the velocity varies vertically from some
minimum value along the bed to a maximum value near the water surface.

C. There are times in the design of highway drainage facilities that knowledge of
the velocity distribution in the vertical Is needed (e.g., the design of riprap for
scour and erosion contrOl).

D. The equations for velocity distribution (v), mean velocity (V) can be written
in the following dimensionless forms:

4.17



v Xy_ = 5.75 log (30.2 -)
V* ks

and

v X Yo
_ = 5.75 log (12.27 --)
V* ~

Note that any system of units can be used as long as Yo and ~ (and V, v and
V.) have the same units.

where
X = Coefficient (see figure below)
ks = Measure of the roughness height. ks varies from the 0 84 size for

pure sand-bed channels, to 3.5 times 0 84 for graded coarse bed
streams. For practical application use 3.5 times 0 84,

y = Depth to specified location
v = Local mean velocity at depth y
Yo = Depth of flow
V = Depth-averaged velocity
V. = Shear velocity ('tJp)O.5
'to = Shear stress at the boundary
~' = Thickness of the viscous sublayer (11.6 fJIV.)
J.l = Dynamic viscosity of water (see HDS-4, table 8)
p = Density of water

SHEAR STRESS

~ Shear stress is the force water exerts
on the bed and bank of a channel

~ Average shear stress on wetted
perimeter Is

4.24 Shear stress
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Figure for evaluation of coefficient X

D. Shear stress is the force water exerts on the bed and bank of a channel as it flows
over them. The following equations can be used to determine the shear stress on
the boundary of the channel that results from the force of flowing water.

'to = 'Y R So

where
'to
'Y
R
So

=Average shear stress on the wetted perimeter, N/m2

= The unit weight of water, N/m3

= Hydraulic radius, m
= Slope of the channel, m/m. In gradually varied flow the slope is of the

energy grade line, So =Sf
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4.26 Velocity profile schematic

Flow -----i..

2
P (V1- V2)

t = --_...:.-_-=---
o y 2

[ 5.75 log (--1. )]
Y2

SHEAR STRESS

~ Shear stress at a specific location
based on velocity In vertical

4.25 Shear stress in vertical

SHEAR STRESS

~ Shear stress at a specific location
based on mean velocity In vertical

V2

t = p
o [5.75 log (12.27 ~o )]2

S

4.27 Shear stress in the vertical

[5.75 log (!!.)]2
Y2

P V2
'to = ---...:------

[5.75 log (12.27 YO)]2
ks

V

where
'to = Shear stress at a point in the flow (N/m2), v1 and v2 are point velocities

in the vertical at Y1 and Y2' respectively;
= Mean velocity in the vertical with a depth of Yo;

The other terms have been defined previously.

4.20



E. Shear Stress Problem

Determine the shear stress along the wetted perimeter of a trapezoidal channel.
Also determine the shear stress on a particle along the bottom of the same
channel.

Given: Trapezoidal channel as illustrated with So = 0.005, 'Y = 9,800 N/m3, V
= 1.8 mIs, 084 = 0.15 m

Find:

Solution:

(1) to alon, wetted perimeter; and (2) to along bed

(1) Shear stress along the wetted perimeter is given by

4.21



(2) Shear stress along the bottom at a point is

pv 2
to = ----'-----

[5.75 log (12.27 YO)]2
ks

The computed shear stress information can be used to design a channel
Iinin~. For example, a riprap lining would have to withstand at least __
N/m to be stable in this flow condition. The design of channel linings and
stable channel conditions is detailed in HEC-15, "Design of Roadside
Channels with Flexible Linings" and will be discussed in Lesson 5.
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FROUDE NUMBER
tm-_UII''''''c\.l$i~1__'':"'IF,IfiIl'%Ull_II'*II'_iIIffiII11_iI!~;_

• Froude number Is used In many
formulas. It Is

Fr=~
.JQY

• When Fr =1.0, flow Is critical
• When Fr < 1.0, flow Is subcritlcal
• When Fr > 1.0 flow Is sUDercrltlcal

4.28 Froude Number

IX. Froude Number and Relationship to Subcritical, Critical,
and Supercritical Flow

A. The Froude Number is an important dimensionless parameter in open-channel flow.
It is normally expressed as

Fr=~
Jgy

where
Fr = Froude Number
V = Velocity of flow, m/s .
g = Acceleration of graVity, m/s2

y = Depth of flow, m

B. V and y can be the mean velocity and depth in a channel or the velocity and
depth in the vertical. If the former are used, then the Froude Number is for the
average flow conditions in the channel. If the latter are used, then it is the Froude
Number for that vertical at a specific location in the cross section. The Froude
Number uniquely describes the flow pattern in open-channel flow.

C. When the Froude Number is 1.0, the flow is critical; values of the Froude Number
greater than 1.0 indicate supercritical or rapid flow and smaller than 1.0 indicate
subcritical or tranquil flow.
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D. The velocity and depth at critical flow are called the critical velocity and critical
depth. The channel slope which produces critical depth and critical velocity is the
critical slope.

SUPERCRITICAL FLOW
(Fr > 1.0)

:~~:;~:::::~;:~;::::~::~~':':::::::~::(:::::::~~~:~:::m~::::;*m:::::::*:*:;::~:~:~m:::::::::~~*:::*:*:::;:;:;:::~(:!@~ ;::':'::::~:::*:*:'~~:::::::~ :::::::::::::::~:::::::::~::::~ :::::::::~:!:~:::::~(::::::':::::*::::::::!:: :::::::::<::;:::::::::::::::::::~

• Can be difficult to control

• Waves and cross waves are common

• Wave formation can cause channel
overtopping

• Occurs in steep channels

4.29 Supercritical flow

E. Supercritical flow is difficult to control because abrupt changes in alignment or in
cross section produce waves which travel downstream, alternating from side to
side, sometimes causing the water to overtop the channel sides. Supercritical flow
is common in steep flumes, channels, and mountain streams.

SUBCRITICAL FLOW
(Fr < 1.0)

:!:!:!:!*~ mm!::((:m~::;:~m::::,*(~':;~':i(((((((((.;::(((::((::::::::::*,m:::::::*~::~~mm:::::::(~(((((:!*!:::!:!*~~;!(:!::(::$~m:::::::::((((::@~:«~*~;:}~(((*:::;:::(:!(:~:*'ll::l:~::::(*!:;:mlllmm,

• Easy to control for Fr < 0.8

• Common in flatter channels

4.30 Subcritical flow

F. Subcritical flow is relatively easy to control for flows with Froude Numbers less
than 0.8. Subcritical flow is common in channels, flumes and streams located in
the plains regions and valleys where slopes are relatively flat.
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CRITICAL FLOW
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• Critical flow Is a hydraulic control
• Flow passes through critical between

subcrltlcal and supercrltlcal flow, and
vice-versa

• Critical depth and velocity depend
only on channel size and shape and
are Independent of slope and n value

• Critical slope depends on geometry
and discharge

• Examples of critical flow

4.31 Critical flow

G. Critical depth is important in hydraulic analysis because it is always a hydraulic
control. The flow must pass through critical depth in going from subcritical flow to
supercritical or going from supercritical flow to subcritical. The change from
supercritical to subcritical is often abrupt (particularly if the Fr > 2) resulting in a
phenomena known as the hydraulic jump. In subcritical flow the hydraulic control
is always located downstream, while in supercritical flow the hydraulic control is
located upstream. Typical locations of critical depth are:

1. At abrupt changes in slope when a flat (subcritical) slope is sharply
increased to a steep (supercritical) slope.

2. At channel constrictions such as a culvert entrance, flume transitions, etc.
under some conditions.

3. At the unsubmerged outlet of a culvert or flume on a subcritical slope,
discharging into a wide channel, steep slope channel (supercritical), or with
a free fall at the outlet.

4. At the crest of an overflow dam, weir, or embankment.

5. At bridge constrictions where the bridge chokes the flow.

Critical depth and velocity for a particular discharge are dependent on channel size
and shape only and are independent of channel slope and roughness. Critical
slope depends upon the channel roughness, channel geometry, and discharge.
For a given critical depth and velocity, the critical slope for.a particular roughness
can be computed by Manning's equation.
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X. Demonstration 5

Purpose:

1.

2.

3.

4.

To use the demonstration flume to illustrate the following concepts:

Steady verses unsteady flow and uniform verses non-uniform flow.

Manning's equation.

Froude number.

Subcritical, supercritical, and critical flow conditions

A. Demonstration 5

A steady flow condition will exist after the flume has been turned on and allowed
to stabilize at a given discharge. By rapidly raising and lowering the head box
sluice gate, an unsteady flow condition will be created. With the sluice gate up,
the flume will be allowed to stabilize again creating a steady, uniform flow. Stop
logs will then be added to create a steady, nonuniform flow condition. This
condition also illustrates gradually varied flow.

NOTES:

B. Demonstration 6

A uniform flow condition will be created on a steep slope. Are the bed, water
surface, and energy slopes parallel (equal)? Compare the flow depth and velocity
head measurements at up- and downstream locations.

NOTES:
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C. Demonstration 7

A steady uniform flow condition will be created in the flume. The class will be
divided into three groups and each group will apply different measurements and
procedures to estimate the velocity and discharge:

Method 1: Calculate the discharge from bucket/stop watch measurements
and the velocity from the continuity equation.

Method 2: Calculate the velocity from the Manning's equation (n=O.009)
and discharge from the continuity equation.

Method 3: Calculate the velocity from float measurements and discharge
from the continuity equation.

On the flip chart paper, write out the necessary equations and your solution. Be
prepared to discuss your results and compare your answers with the other groups.

NOTES:

D. Demonstration 8

To illustrate the Froude Number and supercritical and subcritical flow conditions,
the broad-crested weir will be inserted into the flow. Each group shall calculate
the Froude Number for the approach flow and the flow over the step. Use the flip
chart paper and be prepared to discuss your results.

Using your hand, create some waves in both locations. Notice how the surface
waves can travel upstream in subcritical flow, but cannot in supercritical flow.

NOTES:
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XI. Manning Equation Workshop

Problem Statement

The stage at a several different discharges must be determined for an irregular shaped
natural channel adjacent to a highway. The discharge range of interest is from 100-1000
m3/s. The channel is relatively clean and straight, with some stones and vegetation
growth. Based on Table 12, HDS-4, the appropriate Manning's n value is 0.03-0.04. The
slope of the channel in this reach is estimated by reference to the contours on a USGS
15 minute quadrangle as 0.07% (0.0007 m/m). Based upon a field survey, the
coordinate points of the typical section best representing the conditions at this site are as
follows:

Point Station Elevation
1 3 992.5
2 5 989.5
3 25 985.0
4 30 985.5
5 37 989.0
6 82 989.5
7 85 992.0

The plotted cross section looks like:

1008040 60
STATION (M)
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/
\
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ELEVATION (M)
994

988

990

992

Use the Manning's Equation to develop a stage-discharge curve for this channel
location. Begin with an assumed water surface elevation of 986.0 and use 0.5 m
elevation increments for additional calculations. The water surface elevations for the
various discharges of interest can then be evaluated from the computed stage-discharge
curve.
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Solution

A. Method

This method is based upon the use of the Manning's Equation, a uniform flow
equation involving channel characteristics, water-surface profiles, and roughness
coefficients. Manning's Equation was developed to describe uniform flow in which
the water surface profile and the energy gradient are parallel to the stream bed.
Furthermore, Manning's Equation assumes no change in area, hydraulic radius, nor
depth throughout a given reach. Natural channels rarely, if ever, present such a set
of circumstances. However, for many practical design problems uniform flow
conditions can be assumed and the Manning's equation will provide a reasonable
solution.

Given a discharge, Manning's Equation is indeterminate for depth of flow. An
iterative solution can be used to calculate the flow depth for a given discharge.
Altematively, a series of assumed depths of flow can be used to directly calculate the
corresponding discharges which are then plotted to develop a "stage vs. discharge"
curve (see below).

STAGE-DISCHARGE CURVE

....-
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B. Uses and Limitations

• Useful if uniform flow is assumed.
• Simple in application.
• Often used for indirect measurement calculations.
• Results sensitive to water surface slope and roughness coefficient (n-value)

selection.
• Often adequate for practical designs/analyses.
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C. Manning Equation Combined With Continity Equation:

MANNING'S EQUAnON FOR UNIFORM FLOW

Q =
1

n
213 1/2

AR S

where: Q = discharge (m3/s),
n = roughness coefficient (dimensionless),
A = cross-sectional area of flow (m2),
R = hydraulic radius (A divided by wetted perimeter) (m),
S = longitudinal slope of water surface (rnIm).

D. Procedure

• Assume a series of water surface elevations representing a range of flow
conditions in the channel cross section.

• For each assumed water surface elevation:
o Calculate the cross-sectional area of flow, wetted perimeter, and hydraulic

radius.
o Select the appropriate n-value (assume 0.04)
o Apply Manning's Equation to calculate the discharge. When doing the

calculations by hand, the use of conveyance can simplify the analysis.
• Tabulate or plot (on linear graph provided below) each pair of assumed water

surface elevation/calculated discharge to form a stage-discharge relationship.

Elevation A P R K Q
1 986.0 6.22 10.70
2 986.5 12.25 14.09
3 987.0 19.89 17.49
4 987.5 29.14 20.89
5 988.0 40.00 24.28
6 988.5 52.47 27.68
7 989.0 66.56 31.07
8 989.5 93.25 78.35
9 990.0 131.98 79.74
10 990.5 171.18 81.12
11 991.0 210.85 82.50

4.28c



E. Discussion

• Does the resulting stage-discharge curve make sense?
• Recalculate the stage-discharge curve using a subdivided cross section:

,
!

ISEC ION 1 SECi ION 2

\ .1

f

'\ /
V

992

988

ELEVATION (M)

994

990

986

20 40 60
STATION (M)

80 100

Elev A(1) P(1) R(1) K(1) Q(1) A(2) P(2) R(2) K(2) Q(2) Q(t)
1 986.0 6.22 10.70 - - - - -
2 986.5 12.25 14.09 - - - - -
3 987.0 19.89 17.49 - - - - -
4 987.5 29.14 20.89 - - - - -
5 988.0 40.00 24.28 - - - - -
6 988.5 52.47 27.68 - - - - -
7 989.0 66.56 31.07 - - - - -
8 989.5 82.00 33.35 11.25 45.00
9 990.0 98.09 33.95 33.89 45.79
10 990.5 114.34 34.55 56.84 46.57
11 991.0 130.76 35.15 80.09 47.35
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F. Plotted solution for single section and subdivided cross section calculations:
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LESSON 4

PART 2 • Steady Nonuniform Flow

Introduction to Hlghw.y Hyd,..ullc.

LESSON 4, Plrt 2
STEADYNONUNIFORM

FLOW
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4.32a Lesson 4, Part 2

INTRODUCTION
~::::~~i\Wl!ll!~~~~~~i~ilii~~~~~m~_~~~_~~~~~j~~~~~_~l~~~

• Steady nonuniform flow occur. when
Q I. con.tlnt, but y, Vor cro••
Hetlon chlnge. occur

• Continuity equltlon Ipplle. It III
cro•• Hellon.

• Mlnnlng'. equation can be u.ed If
chlnge. In V Ira .mlll eo thlt effect
of Icceleratlon I••mlll

• Steldy rlpldly vlrled flow versus
steady graduilly vlrled flow

4.33 Introduction

I. Introduction

OBJECTIVES· Part 2
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• Underltend be.lc concepte Ind
cllculltlon procedural for .teldy
nonuniform flow

- /'Ipldly varied "/'lUI gl'lduelly varlecl flow
- lpeclflc lnergy end lpeclflc dllCherge
- hydraulic Jump

• Know how to cllcullte luperalevltlon
In chlnnel bendl

4.32b Part 2 objectives

A. Steady nonuniform flow occurs when the quantity of water (discharge) remains
constant, but the depth of flow, velocity, or cross section changes from section to
section.

B. From the continuity equation, the relation of all cross sections will be:

Q = A1 V1 = A2 V2 = An Vn
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C. The Manning's equation can be used if changes in velocity are small so that the
effect of acceleration is small.

D. The hydraulic design engineer needs a knowledge of nonuniform flow in order to
determine the behavior of the flowing water when changes in channel resistance,
size, cross section, shape, or slope occur.

E. There are two basic types of steady nonuniform flow: steady rapidly varied flow
and steady gradually varied flow. Steady rapidly varied flow occurs for relatively
short distances (a few meters to several hundred meters) where accelerations are
more important than friction. Steady gradually varied flow occurs over long
distances (50 m to thousands of meters), where friction losses are more important
than accelerations.

STEADY RAPIDLY VARIED
FLOW

• Occurs through short transitions
where bed elevation or width changes

• Energy equation can be used when
flow Is uniform before and after

• If transition causes Fr to approach 1,
problems can occur

• Analysis aided by specific energy

4.34 Steady rapidly varied flow

II. Steady Rapidly Varied Flow· General Solution Procedures

A. Steady rapidly varied flow typically occurs through short transitions where bed
elevation increases or decreases or flow width expands or contracts.

B. Steady flow through relatively short transitions where the flow is uniform before
and after the transition can be analyzed using the energy equation. Energy loss
due to friction may be neglected, at least as a first approximation. Refinement of
the analysis can be made in a second step by including friction loss.
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c. Any time a transition changes velocity and depth such that the Froude Number
approaches unity, problems such as waves, blockage, or choking of the flow may
occur. If the approaching flow is supercritical, a hydraulic jump may result.

SPECIFIC ENERGY
EQUATION

.. The specific energy is the total energy
relative to the channel bed:

v 2

H = -+ y =
2g

2
q

---+ Y
2g y2

4.35 Specific energy equation

D. The analysis or design of transitions is aided by the use of the depth of flow and
velocity head terms in the energy equation. The sum of the two terms is called the
specific energy or specific head, H, and defined as

v2 2
H = -+ Y = -q-+ Y

2g 2gy 2

where
H = Specific energy, m
q = Unit discharge, defined as the discharge per unit width, m3/slm
g = Acceleration of graVity, (9.81 m/s2)
y = Depth of flow, m

The specific energy H is the height of the total energy above the channel bed.
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APPLICATION OF SPECIFIC
ENERGY

• Specific energy diagram

- q constant, Hand y variable

• Specific discharge diagram

- H constant, q and y variable

4.36 Application of specific energy

E. The relationship between the three terms in the specific energy equation, q, y,
and H, is evaluated by considering q constant and determining the relationship
between Hand y (specific energy diagram) or considering H constant and
determining the relationship between q and y (specific discharge diagram).
These diagrams for a given discharge or energy are then used in the design or
analysis of transitions or flow through bridges.

y

H• .:i.-
2

+ Y
2g

4.37 Specific energy diagram

III. Specific Energy Diagram and Evaluation of Critical Depth

A. For a given q, the Specific Energy equation can be solved for various values of
Hand y. A specific energy diagram is a plot of y verses H for a given q.

B. There are two possible depths called alternate depths for any H larger than a
specific minimum. Thus, for specific energy larger than the minimum, the flow may
have a large depth with small velocity or small depth with large velocity. Flow for
a given unit discharge q cannot occur with specific energy less than the
minimum.
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C. The single depth of flow at the minimum specific energy is called the critical depth,
Yc' and the corresponding velocity, the critical velocity, Vc = q/yc' The relation
for yc and Vc for a given q (for a rectangular channel) is

Note that for critical flow:

Vc--== = 1 = Fr

JQY:

and

2
Vc 3

Hmin = - + yc = - yc
2g 2

D. The specific energy diagram can be used to understand changes in channel depth
as the bed elevation decreases or increases.
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4.38 Flow over a step

E. Distinguishing between the types of flow and how the water surface reacts with
changes in cross section is important in channel design; thus, the location of
critical depth and the determination of critical slope for a cross section of given
shape, size, and roughness becomes necessary.

CRITICAL DEPTH
RELATIONSHIPS

----------~~ Calculating critical depth and critical
slope can be important in drainage
analysis

~ Basic equations for any cross section

AY =_c
c T...

4.39 Critical depth relationships

F. For any channel section, regular or irregular, critical depth may be found by a trial­
and-error solution of the following equation:

A; 0 2

Tc g

An expression for the critical velocity (Vc) of any cross section at critical flow
conditions is:
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where

G. Uniform flow within about 10 percent of the critical depth is unstable and should
be avoided in design. The reason for unstable flow can be seen by referring to the
specific head diagram. As the flow approaches the critical depth from either limb
of the curve, a very small change in energy is required for the depth to abruptly
change to the alternate depth on the opposite limb of the specific head curve. If
the unstable flow region cannot be avoided in design, the least favorable type of
flow should be assumed for the design.

NOTES:
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H. Specific Energy Problem

Given: A proposed bridge with 1V:1 H abutments is to cross a river with trapezoidal cross
section with sideslopes of 1V:3H. Since the length of bridge deck is the most
costly factor in the design, determine the minimum width of span so as not to
cause an increase in depth upstream of the bridge. The channel approaching the
bridge carries 400 m3/s, and is 3 m deep, with a 100 m bottom width.

Find: Minimum channel width at bridge

Solution:

a. As discussed above, the maximum possible contraction occurs at critical
flow when the Froude Number is 1.0 and

2yc = - H
3

The specific energy immediately upstream of the bridge site is
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Assuming the specific energy in the contraction caused by the bridge will
also be (no energy losses and no bed elevation change), the
critical depth will be

Yc =

Substitute Yc back into the energy equation to get minimum width
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HYDRAULIC JUMP
• A hydraulic ,"ump occurs when

supercrltlca flow Is changed to
subcrltlcal flow (sequent depth)

• For larger Froude numbers,
significant energy dissipation can
occur

- Fr < 2 results in .n undulating Jump
- Fr < 3 results In minim.1 energy loss

• The exlstenca of a jump assumes that
adequate tallwater exists

Subcrlllcal
Hydraulic Flow

Jump. /7 ____

(7 "'" " --­~~ -'/- ~ -------
Supercrltlcal
Flow

~---------

4.40 Sketch of hydraulic jump 4.41 Hydraulic jump

IV. Hydraulic Jump

A. A hydraulic jump will occur when the flow velocity V1 is rapid or supercritical and
the slope is decreased to a slope for subcritical flow, or an obstruction such as
an energy dissipater is placed in the flow. The supercritical depth is changed to
a subcritical depth, called the sequent depth.

B. Depending on the magnitude of the Froude Number, a considerable amount of
energy is changed to heat. The larger the Froude Number, the more energy that
is lost. The existence of a jump assumes adequate tailwater conditions exist.

C. Many engineers/designers assume that a jump will always occur when a change
from a steep grade to a flat grade is encountered, such as near the outlet end of
a culvert (Le., a broken-back culvert). The jump will only occur with adequate
downstream tailwater to maintain the sequent depth just below the culvert grade
break. Without adequate tailwater, the jump will be swept downstream out of the
culvert, causing a potentially large scour hole at the culvert outlet.
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D. Video on hydraulic jump.

HYDRAULIC JUMP
EQUATIONS

• For rectangular, flat channels

• Corresponding energy IfSS is

h = (Y2 - Y1)
L 4 y Y

4.42 Hydraulic jump equations

E. The relation between the supercritical depth and the sequent depth for a
rectangular flat channel is

F. The corresponding energy loss in a hydraulic jump is the difference between the
two specific energies. It can be shown that this headloss is

h
_ (Y2 - Y1)3

L -----
4 Y1 Y2

G. These equations have been experimentally verified along with the dependence
of the jump length Lj and energy dissipation (headloss hL) on the Froude
Number of the approaching flow (Fr1).

4.39



H. When the Froude Number for rapid flow is less than 2.0, an undulating jump with
large surface waves is produced. The waves are propagated for a considerable
distance downstream.

I. When the Froude Number of the approaching flow is less than 3.0, the energy
dissipation of the jump is not large and jets of high velocity flow can exist for
some distance downstream of the jump. These waves and jets can cause
erosion a considerable distance downstream of the jump. For larger values of the
Froude Number, the rate of energy dissipation in the jU,mp is very large.
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J. Hydraulic Jump Problem

Given: A hydraulic jump occurs in a 5m wide rectangular channel at a flow depth
of 0.5 m. Determine the downstream water surface elevation needed to
cause the jump. Also calculate the headloss due to the jump. Given a
= 20 m3/s.

y=?
3

Q - 20 m/s --.. 0.5 m

Find: (1) Determine the required downstream WSEL to initiate a jump
(2) Determine the headloss across the jump

Solution: (1) Using the formula for a hydraulic jump, find Y2'

=
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(2) Find the headloss, hL, across the jump
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SUBCRITICAL FLOW IN
BENDS

~ Superelevatlon of water surface
occurs around a bend

~ For natural channels V 2

DZ. = Z - Z. = - (r - r. )o I 9 r
c

0 I

~ For lined c~nnels usev.. r 2 r 2DZ. =--!n!! {2 _(_i) - (_C) }
2 9 rc r0

4.43 Subcritical flow in bends

V. Subcritical Flow in Bends

8upe1'e1M....w....su.....
Uniform Flow Water au..... ,/ "':',','.

\. ~ rs,ri::;;:r' ----__•

4.44 Superelevation schematic

A. When subcritical flow goes around a bend, the water surface is elevated on the
outside of the bend and lowered on the inside of the bend. For a natural channel
the approximate difference in elevation (~) between the water surface along the
sides of the curved channel can be found from:

V2
~ = Za-Z, = - (ra - r· )

I g r
c

I

where
Z = Elevation of the water surface, m
V = Average velocity in the channel, m/s
g = Acceleration of gravity, (9.81 m/s2)

rc = Radius of curvature to the centerline of the channel, m
ra = Radius of curvature to the outside flow line around the bend, m
rj = Radius of curvature to the inside flow line around the bend, m

B. For lined canals with strong curvature and large velocities, superelevation should
be computed using
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C. Superelevation is accounted for in design by adding one-half of the
superelevation to the normal depth.

D. Other problems introduced by curved alignment of channel in subcritical flow
include spiral flow, changes in velocity distribution, and increased friction losses
within the curved channel as contrasted with the straight channel.

SUPERCRITICAL FLOW IN
BENDS
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• In supercrlticil flow chlngls In
IlIgnment Ire difficult

• Wltlr cln "climb out" of binds
• WIV.. dlsturblnces cln contlnu. for

long dlstlnc.s downstreem
• If possible, chlng.s In IlIgnm.nt

should be mid. before supercrltlcel
flow d.velops

• Model t.stlng mlY be n.c....ry

4.45 Superelevation in supercritical flow

VI. Supercritical Flow in Bends

A. Changes in alignment of supercritical flow are difficult to make. The water
traveling at supercritical velocities around bends builds up waves which may
"climb out" of the channel. The waves that are set up may continue dCJwnstream
for a long distance. Also, sharp changes in alignment may set up a hydraulic
jump with the flow overtopping the banks.

B. Changes in alignment, whenever possible, should be made near the upper end
of the section before the supercritical velocity has developed. If a change in
alignment is necessary in a channel carrying supercritical flow, the channel should
be rectangular in cross section, and preferably enclosed.

C. On small chutes the angular variation (a) of rectangular flow boundaries
(expansion) should not exceed that produced by the equation:

tana = _1_
3Fr

D. Changes in alignment of open channels can and should be designed to reduce
the wave action, resulting from the change in direction in flow. Often designs
involving supercritical flow should be model tested to develop the best design, or
even a design that will work.
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E. Superelevation Problem

Given: During high runoff, a 2.0 m deep mountain stream flows near bank full
with a normal depth and velocity of 1.8 m and 3.4 mIs, respectively.
At a sharp bend ro =12, rc =10, rj =8. Will flow overtop the bend?

v - 3.4 m/s --....~

Find: U.

Solution: Use the superelevation formula

The water surface raises approximately ( ) m on the outside of the bend
and lowers by that same amount on the inside of the bend. The maximum flow
depth in the bend will be

Youtside =
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GRADUALLY VARIED FLOW
• Changes In depth and velocity occur

slowly over large distances
• Analysis involves

- sketching the water surface
- calculating the water surfaca elevation

• The flow depth will be either larger or
smaller than the normal depth, and
larger or smaller than critical depth

4.46 Gradually varied flow

VII. Gradually Varied Flow

A. The second basic type of steady nonuniform flow is gradually varied flow. In
gradually varied flow, changes in depth and velocity take place slowly over large
distances, resistance to flow dominates, and acceleration forces are neglected.

B. Analysis of gradually varied flow involves: (1) the determination of the general
characteristics of the water surface; and (2) the elevation of the water surface or
depth of flow.

C. In gradually varied flow, the actual flow depth, y, is either larger or smaller than the
normal depth, Yo' and either larger or smaller than the critical depth, Yc' The water
surface profiles, which are often called backwater curves, depend on the
magnitude of the actual depth of flow, y, in relation to the normal depth, Yo' and
the critical depth, Yc'

D. In working with gradually varied flow, the first step is to determine what type of
water surface profile would exist. The second step is to perform the numerical
computations.
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• Sketching the profile requires
locating control points

• In supercritical flow the control is
upstream; in subcritical flow the
control is downstream

GRADUALLY VARIED FLOW
Types of Profiles
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• 12 basic types of profiles grouped
Into 5 classes

4.47 Types of profiles 4.48 Examples of profiles

VIII. Gradually Varied Flow - Types of Water Surface Profiles

A. There are 12 types of water surface profiles. The 12 types are subdivided into 5
classes which depend on the bed slope. Slide 4.48 illustrates several of the more
common profiles.

B. When there is a change in cross-section or slope or an obstruction to the flow, the
qualitative analysis of the flow profile depends on locating the control points,
determining the type of water surface profile upstream and downstream of the
control points, and then sketching these profiles.

C. It must be remembered that when flow is supercritical (Fr > 1), the control depth
is upstream and the water surface profile analysis proceeds in the downstream
direction. When flow is subcritical (Fr < 1), the control depth is downstream and
the computations must proceed upstream (a control is a location where the
discharge and stage are uniquely defined).

SKETCHING A PROFILE
• Supercritical flow can become

subcrltlcal only with a hydraulic Jump

• Location of Jump depends on
relationship of normal and sequent
depth

• Subcritical flow must pass through
critical depth to become supercrltical

4.49 Sketching a profile

D. In general, when the flow is rapid (Fr > 1), the flow cannot become tranquil or
subcritical without a hydraulic jump occurring. In contrast, subcritical flow can
become rapid, or supercritical, (cross the critical depth line).
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E. The location of the hydraulic jump is determined by evaluating the normal depth
and sequent depth conditions (see HDS-4, Example 4.9).

GRADUALLY VARIED FLOW
Calculating the Profile
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• Standard step method

• Computer programs used Include:
- WSPRO
- HY8
- HEC·2

• Qualitative sketching Is useful,
particularly for complex profiles

4.50 Calculating a profile

IX. Gradually Varied Flow - Overview of Calculation Procedure

A. The standard step method is a simple computational procedure to determine the
water surface profile in gradually varied flow. Prior knowledge of the type of water
surface profile as determined in the preceding section would be useful to
determine whether the analysis should proceed upstream or downstream.

B. The standard step method is derived from the energy equation.

C. Although computer programs such as WSPRO and HY8 are now used to compute
water surface profiles, it is recommended that a qualitative sketch of the water
surface profiles be made using the information given in the preceding section.
This is particularly useful in complicated profiles where the channel slopes change
from steep to mild or mild to steep.
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X. Demonstration

Purpose: To use the demonstration flume to illustrate the following concepts:

1. Specific energy.

2. Flow over a step and through a contraction.

3. Hydraulic jump.

A. Demonstration 9

A specific energy curve will be graphically constructed by varying the flume slope
for a given discharge setting to create flows ranging from subcritical to
supercritical. The specific energy will be defined by the water rise in a pitot tube
relative to the channel bottom. Using graph paper, a plot the depth of flow on the
y axis, and the pitot tube height on the x axis will be created for each different
slope setting. The resulting curve defines the specific energy curve for the given
unit discharge.

Notice at the point of critical flow, the velocity head is one-half the flow depth, and
the minimum specific energy is 1.5 times the critical depth.

For a given subcritical flow setting, a step will be placed on the flume bottom.
Notice how the water depth over the step decreases. The flow will then be
changed to supercritical by increasing the slope. The water depth over the step
now increases. Both conditions can be explained by the specific energy concept.
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Now, with the step removed a contraction in width will be inserted into the flume.
For supercritical flow conditions, the flow depth in the contraction increases, while
for subcritical flow the flow depth decreases. Both conditions can be explained by
the specific discharge concept.

NOTES:

B. Demonstration 10

A highly supercritical flow condition will be created with a sluice gate at the
upstream end of the flume. By adjusting the tailwater conditions, both strong and
weak hydraulic jumps will be created. For each condition, the Froude number
before and after the jump will be calculated based on measured data. Note the
differences between the upstream and downstream Froude numbers for each jump
condition.

NOTES:
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LESSON 5

OPEN-CHANNEL FLOW APPLICATIONS

OVERVIEW: Method of Instruction: Lecture and Workshop

Lesson Length:

Resources:

Stable Channel Design
Pavement Drainage Design ­
Application Problem

60 minutes
60 minutes
30 minutes

Lesson Outline
Slides
HDS-4, Chapter 5

Introduction to Highway Hydrtlullcs

LESSONS

OPEN CHANNEL FLOW
APPLICATIONS

OBJECTIVES
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limitations of various channel linings

• Know how to design a stable channel

• Know how to calculate the spread of
water on pavement

• Understand the types of storm drain
inlets and design procedures

5.0 Title 5.1 Objectives

OBJECTIVES: At the conclusion of this lesson, the Participant should:

1. Understand the advantages and limitations of various channel
linings.

2. Know how to design a stable open channel.

3. Know how to calculate the spread of water on pavement.

4. Understand the types of storm drain inlets and design procedures.





LESSON 5

OPEN-CHANNEL FLOW APPLICATIONS

Part 1: Stable Channel Design

OPEN CHANNEL FLOW
APPLICATIONS
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GENERAL DESIGN
CONCEPTS
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• Chlnnel clplclty depends on Shipe,
size, slope, Ind roughness

• Most efficient shipe Is I seml-elrcle;
other tlctors Include:

- construction cost
- maintenance requirements
- ..'ety
- channel outlet conditions

• Preferred cross section

5.2 Open-channel flow applications 5.3 General design concepts

I. General Design Concepts

A. The capacity of a drainage channel depends upon its shape, size, slope, and
roughness.

B. The most efficiently shaped channel is a semi-circle flOWing full; however, other
factors often control geometric shape:

-construction cost
-maintenance requirements (e.g. steeper than 1V:3H difficult to mow)
-safety when vehicles accidentally leave the roadway
-discharge of collected water without damage to the adjacent property

Most of these additional requirements for drainage channels reduce the hydraulic
capacity of the channel. Thus, the best design for a particular section of highway
is a compromise among the various requirements.
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5.4 Preferred geometric cross section

GENERAL DESIGN
.......... 9Q~~~~!~J~~l'It) .,,,

. ·~WithinconstraintsoftheROW;avoid
sharp changes in alignment/grade

• Standardized design for any distance
is not necessary

• Hydraulic performance based on
Lesson 4 concepts

• Maintenance is essential

5.5 General design concepts (cont)

C. The width of the right-of-way usually allows little choice in the alignment or in the
grade of the channel, but as far as practicable, abrupt changes in alignment or in
grade should be avoided. Sharp changes in alignment present a point of attack
for the flowing water, and abrupt changes in grade cause deposition of transported
material when the grade is flattened or scour when grade is steepened.
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D. It is unnecessary to standardize the design of roadway drainage channels for any
length of the highway. Channel width and depth can change to create the most
cost efficient channel.

E. Evaluation of the hydraulic conditions in the channel is based on the concepts
discussed in Lesson 4.

F. Systematic maintenance is essential to any drainage channel. Maintenance
methods should be considered in the design of drainage channels so that the
channel sections will be suitable for the methods and equipment that will be used
for their maintenance.

STABLE CHANNEL DESIGN
CONCEPTS
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• Channel grade typically parallels
highway grade, which may create
erosive conditions

• Channel lining often necessary

• Type of lining should be consistent
with protection required, cost, safety,
habitat enhancement and aesthetic
considerations

5.6 Stable channel design concepts

II. Stable Channel Design Concepts

A. The gradient of roadside channels typically parallels the grade of the highway.
Even at relatively mild highway grades, highly erosive hydraulic conditions can
exist in adjacent roadside channels. Consequently, designing a stable conveyance
becomes a critical component in the design of roadside channels.
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B. A channel lining is often necessary to create a stable roadside channel. Lining as
applied to drainage channels includes vegetative coverings.

C. The type of lining should be consistent with the degree of protection required,
overall cost, safety requirements, and esthetic considerations.

LINING MATERIALS
• Cln be flexible or rigid

• Typicil flexible linings Include gress
Ind rlprlPi I typlcel rigid lining Is
concrete or soli cement

• Flexible linings cln be either
temporery or permanent

• Rigid linings Ire generelly permlnent

5.7 Lining materials

III. Lining Materials

A. Lining materials may be classified as flexible or rigid.

B. Typical flexible linings include grass and riprap; a typical rigid lining is concrete
or soil cement.

C. Flexible linings can be either permanent or temporary. Temporary flexible linings
are commonly used to provide erosion protection until a permanent lining, such as
grass, is established. Typical temporary linings include straw mat products and
woven geotextiles. Rigid linings are generally considered permanent. Temporary
linings are typically designed for a lower return period than used for permanent
linings.
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FLEXIBLE LININGS­
Advantages
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• Less expensive to Instell and
malnteln

• Allows Intllltndlon and e.flltratlon
• Natural appearance
• Provides a ....r roadside
• Selt.heellng
• Provides filtration media for

pollutents

FLEXIBLE LININGS-

--E~~~~_~_~oo~~m.~~I_oo~~1
• Low capacity for I given are

• Flow depth limitation

• Rlek of damage during vegetation
establishment

5.8 Flexible lining advantages 5.9 Flexible lining disadvantages

D. Advantages of flexible linings include:

1. Generally less expensive to install and maintain.

2. Allows infiltration and exfiltration.

3. Natural appearance.

4. Provides a safer roadside.

5. Self-healing.

6. Provides a filtering media for runoff contaminants.

E. Disadvantages of flexible linings include:

1. Low capacity for a given cross sectional area.

2. Flow depth limitation.

3. Risk of damage during vegetation establishment.
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5.10a Vegetative channel lining

5.1 Dc Straw blanket temporary lining

5.1 De Interlocking block lining

5.6

5.1 Db Riprap channel lining

5.10d Synthetic temporary lining



RIGID LININGS-
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• High capacity for a given area

• May construct deep, narrow channels

• Immediate erosion protection

5.11 Rigid lining advantages

F. Advantages of rigid linings include:

RIGID L1NINGS-

... I?i~~,~~~.~!~~~~,.,., .
• Expensive to build and maintain
• High erosive velocities at outlet
• No infiltration or exfiltration
• Unnatural appearance
• Steep walls a safety hazard
• Not self-healing

5.12 Rigid lining disadvantages

1. High capacity for a given cross sectional area.

2. May construct deep, narrow channels with steep

sidewalls.

3. Immediate erosion protection.

G. Disadvantages of rigid linings include:

1. Expensive to build and maintain.

2. High erosive velocities at outlet.

3. No infiltration or exfiltration.

4. Unnatural appearance.

5. Steep walls a safety hazard.

6. Not self-healing.

5.13 Soil cement bank lining

5.7

5.14 Concrete-lined swale



SELECTING A LINING
MATERIAL
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• Select the lowest cost lining that
provides satisfactory protection and
meets design objectives

• Combining lining types Is feasible

5.15 Lining materials

G. In general, when a lining is needed, the lowest cost lining that affords satisfactory
protection should be used. Note that the lowest cost lining might involve using
different lining types within one project.

NOTES:
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EQUILIBRIUM CONCEPTS IN
STABLE CHANNEL DESIGN

':~~~mH~::~::::;:;~:::~~::;:::;:::::::::::::t,@%%:i';l:::::i:::::m:::::%:;:::Mi;i:i:~~::m:;:::;:;:~::;:;~;::::;~;:~;:@:;::m;m;::::~::~::;;;:::;:;;:;::::;~::::m:;m;;:r~:::;;:m;:;;;:~;;:::::%;::::::::;:;:;:;:;:;:::::::::::;:::.:::,:::,.:.;,:,;

• Design based on static or dynamic
equIDbrlum

• Stetlc equilibrium exists when
boundaries do not move

• Dynamic equilibrium exists when
boundaries are movable

• Most highway channels besed on
static equilibrium

5.16 Equilibrium concepts in stable
channel design

IV. Equilibrium Concepts in Stable Channel Design

A. Stable channel design can be based on the concepts of static or dynamic
equilibrium.

B. Static equilibrium exists when the channel boundaries are essentially rigid and the
material forming the channel boundary effectively resists the erosive forces of the
flow. Under such conditions the channel remains essentially unchanged during the
design flow and the principles of rigid boundary hydraulics can be applied.

C. Dynamic equilibrium exists when the channel boundary is moveable and some
change in the channel bed and/or banks occurs. A dynamic system is considered
stable as long as the net change does not exceed acceptable levels. Designing
a stable channel under dynamic equilibrium conditions must be based on the
concepts of sediment transport.

D. For most highway drainage channels bed and bank instability and/or possible
lateral migration cannot be tolerated and stable channel design must be based on
the concepts of static equilibrium, including the use of a lining material if necessary
to achieve a rigid boundary condition.
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DESIGNING A STATIC
EQUILIBRIUM CHANNEL
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• Permissible velocity approach based
on maximum allowable velocity

• Permissible tractive force approach
based on maximum allowable shear
stress

• Tractive force better represents
physical processes and was used in
HEC·15

5.17 Designing static equilibrium channel

V. Methods for Designing a Static Equilibrium Channel

A. Two available methods are the permissible velocity approach and the permissible
tractive force (shear stress) approach.

B. Under the permissible velocity approach the channel is assumed stable if the
adopted mean velocity is lower than the maximum permissible velocity for the
given channel boundary condition.

C. Similarly, the tractive force approach requires that the shear stresses on the
channel bed and banks do not exceed the allowable amounts for the given
channel boundary.

D. The tractive force procedure better represents the physical processes occurring
and is the method used in HEC-15.
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TRACTIVE FORCE
PROCEDURE
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• Shear stress on channel boundary is:

t o = Y R S

• Permissible shear stress defined by
HDS-4, Table 13

5.18 Tractive force procedure

VI. The Tractive Force Procedure

A. The tractive force, or shear stress, is the force water exerts on the bed and bank
of a channel as it flows over them. The following equation can be used to
determine the average shear stress on the boundary of the channel that results
from the force of flowing water.

where
'to = Average shear stress on the wetted perimeter, Pa
'1 = The unit weight of water, N/m3

R = Hydraulic radius, m
S = Slope of the channel, rn/m; in gradually varied flow, the energy slope

should be used

The maximum shear stress along the channel bottom may be estimated by
substituting the flow depth, y, for the hydraulic radius, R.
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5.19 Permissible tractive force

B. The permissible tractive force for a variety of lining materials Is provided by HDS-4,
table 13.

C. If the computed maximum tractive force is greater than the permissible tractive
force for a given lining material, the channel will not be stable. Calculation of
hydraulic geometry conditions can be based on normal flow depth conditions.

D. HEC-15 details the tractive force stable channel design procedure, including
special considerations for steep-slope riprap design and design of composite
linings.

E. The HYCHL module of HYDRAIN can be used to analyze channel
lining conditions.
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VII. Design Problem

Purpose: Determine whether it is feasible to usr

Given: Q = 0.6 m3/s
S =0.005 m/m
Trapezoidal channel with abott'

~••••••• <:'. Cl+i:i.~M'$ 7~l..:~_«<.« V
3 "'i""'1.......··· .....·· '· ······;";",;.··.. ··;";,,,;.·';,,;,,,;.m;,;,;,,;'~~..~I

S - 0.005 m/m

Find: Depth of flow in the channel and the adequacy of the jute net lining.

Solution: (1 ) From table 13, the permissible shear stress is and from
table 14, the Manning's n value is (assuming a flow
depth between 0.15-0.60 m).

(2) Solving Maiming's equation for S =0.005, Q =0.6 m3/s, and B =
1.0, the flow depth Ys is _

(3) The maximum shear stress on the channel bed is:

'to = WS =

(4) Comparing the shear stress, , to the permissible shear
stress, , shows that jute net is an acceptable channel
lining.
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,missible Shear Stresses for Lining Materials (HDS-4, Table 13).(26)

Permissible

.Jategory Lining Type Unit Shear Stress

(Ib/ft2) (Pa)

Woven Pater Net 0.15 7.2

Jute Net 0.45 21.6

Fiberglass Roving:
Single 0.60 28.7

Temporary* Double 0.85 40.7

Straw with Net 1.45 69.4

Curled Wood Mat 1.55 74.2

Synthetic Mat 2.00 95.8

Class A 3.70 177.2

Class B 2.10 100.5

Vegetative** Class C 1.00 47.9

Class D 0.60 28.7

Class E 0.35 16.8

25 mm 0.33 15.8
Gravel Riprap

50 mm 0.67 32.1

150 mm 2.00 95.8
Rock Riprap

300 4.00 191.5

Noncohesive See "Hydraulic Engineering Circular No.Bare Soil 15,,(26)
Cohesive

*Some "temporary" linings become permanent when buried.

**A-E refers to retardance class, with Class A vegetation having high retardance and Class E
having low retardance. Typical examples include (HEC-15, Table 1):

Retardanee Class Cover Condition

A Weeping lovegrass Exeellent stand, tall (76 em)

B Weeping lovegrass Good stand, tall (61 em)

C Bermuda grass Good stand, mowed (15 em)

D Bermuda grass Good stand, eut (6 em)

E Bermuda grass Good stand, eut (4 em)
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Manning's Roughness Coefficients (HDS-4, Table 14).(26)

n - value

Lining Category Lining Type Depth Ranges

0-0.15 m 0.15 - 0.60 m >0.60 m

Concrete 0.015 0.013 0.013

Grouted Riprap 0.040 0.030 0.028

Rigid Stone Masonry 0.042 0.032 0.030

Soil Cement 0.025 0.022 0.020

Asphalt 0.018 0.016 0.016

Bare Soil 0.023 0.020 0.020
Unlined

Rock Cut 0.045 0.035 0.025

Woven Paper Net 0.016 0.015 0.015

Jute Net 0.028 0.022 0.019

Fiberglass Roving 0.028 0.021 0.019
Temporary*

Straw with Net 0.065 0.033 0.025

Curled Wood Mat 0.066 0.035 0.028

Synthetic Mat 0.036 0.025 0.021

25 mm D50 0.044 0.033 0.030
Gravel Riprap

50 mm D50 0.066 0.041 0.034

150 mm D50 0.104 0.069 0.035
Rock Riprap

300 mm D50 0.078 0.040--

*Some "temporary" linings become permanent when buried.

Note: Values listed are representative values for the respective depth ranges.
Manning's roughness coefficients n vary with the flow depth.
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5.20 Open-channel flow, Part 2

I. Basic Concepts of Pavement Drainage

BASIC CONCEPTS OF
PAVEMENT DRAINAGE

• Water on pavement causes
hydroplaning, splash and spray

• Pavement drainage design effectively
removes water from roadway surface

• Curb/gutter flow Is a special case of
open channel flow

• Design based on discharge and
spread, according to HEC·22

5.21 Basic concepts of pavement
drainage

A. Water on the pavement will slow traffic and contribute to accidents from
hydroplaning and loss of visibility from splash and spray. Pavement drainage
design provides for effective removal of water from the roadway surface.

B. Water flowing on a pavement with a curb is essentially a special case of open
channel flow in a shallow, triangular shaped cross section. Pavement drainage to
a gutter or swale adjacent to the roadway surface is another case of open channel
flow, again typically occurring in a wide shallow cross section.
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C. Pavement drainage design is typically based on a design discharge and an
allowable spread of water across the pavement.

D. The primary design reference for highway pavement drainage design is HEC-22
and detailed instruction on pavement drainage is available through the NHI Urban
Drainage Design Course (NHI Course 13027).r-------------------,

FACTORS INFLUENCING
SPREAD

• Longltudlnel gnlde
- minimum slope for curbed pevements Is

0.3%
- roiling profIlea neceaury In fI8t temln

• Crosselope
- compromise between drtver comfort end

d....nege conaldenltlons
- croa slope Is • coum.rmeuure for

hydroplenlng

5.22 Factors influencing spread

II. Factors Influencing Pavement Spread

SPREAD CRITERIA EXAMPLE
U>:W, 1

CLASSIFICATION SPREAD

< 70 krn/h 1/2drlvInD /tIM
> 70 krn/h ShouIiIer

5.23 Typical spread criteria

Lmi

A. Longitudinal grade influences the spread of water onto the pavement. Curbed
pavements typically require a minimum slope of 0.3 percent to promote drainage.
Minimum grades can be maintained in very flat terrain by use of rolling profiles or
by warping the cross slope to achieve a rolling gutter profile.

B. Pavement cross slope is often a compromise between the need for reasonably
steep cross slopes for drainage and relatively flat cross slopes for driver comfort.
Adequate cross slope will reduce water depth on the pavement and, therefore, is
an important countermeasure against hydroplaning.
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FLOW IN GUTTERS AND
SWALES

• Trlenguler sheped eree edJecent to
curb deftnes en open chennel section

• Gutters cen hey. e steeper cross
slope then pavement

5.24a Flow in gutters and swales

III. Flow in Gutters and Swales

T

Sx

Uniform Gutter Cross Section

5.24b Gutter flow schematic

A. The triangular shaped area defined by the curb, gutter and the spread onto the
pavement creates an open channel flow section for conveying runoff.

MODIFIED MANNING'S
EQUATION

~ In shallow gutter or swale flow the
hydraulic radius does not adequately
describe cross section

~ Modified Manning's equation:

0.377 5/3 1/2 8/3
Q=·····-Sx S T

n

~ Nomographs available for solution

5.25 Modified Manning's equation
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B. Modification of Manning's equation is necessary for use in computing flow in
triangular channels because the hydraulic radius in the equation does not
adequately describe the gutter cross section, particularly where the top width of the
water surface may be more than 40 times the depth at the curb.

Q = 0.377 S;/3 S 1/2 T 8/3
n

where
Q = Discharge, m3/s
Sx = Cross slope, m/m
S = Longitudinal slope, m/m
T = Spread, m

C. Nomographs for solution of this equation, for both uniform and for the more
complex geometry created by composite cross slopes, are provided in HEC-22.
HEC-22 also provides nomograph solution of Manning's equation for shallow swale
sections. Tabulated flow capacity for standard highway cross sections may also
be available from local and regional design guides.

Composite Gutter Cross Section

5.26 Composite gutter cross slope

D. Increased capacity is possible with composite cross·sections. Gutters adjacent to
the curb can have a steeper cross slope from the pavement. This steeper gutter
section can be an effective countermeasure for reducing spread on the pavement.
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E. Example Problem

Given:

..

A gutter with the following dimensions and conditions

T = 2.5 m
8x =0.025
8 = 0.01
n = 0.015

T= 2.5 m ..

S = 0.01

n - 0.015

Find: Flow in gutter at design spread

Solution: Use the modified Manning's equation

Q = 0.377 8 5/3 81/2 T8/3
n x
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PAVEMENT DRAINAGE
INLETS
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• When spread is too large, runoff must
be diverted from the roadway

• All or part of the runoff may be
intercepted by inlets connected to a
storm drain system

5.27 Pavement drainage inlets

IV. Pavement Drainage Inlets

A. When the capacity of the curb/gutter/pavement section has been exceeded,
typically as a result of spread considerations, runoff must be diverted from the
roadway surface. A common solution is often interception of all or a portion of
runoff by drainage inlets that are connected to a storm drai:l pipe.

TYPES OF INLETS
inlets

5.28 Types of inlets 5.29 Curb-opening inlet

B. Inlets used for intercepting runoff from highway surfaces can be divided into four
major classes: (1) curb-opening inlets, (2) grate inlets, (3) slotted drains, and (4)
combination inlets. Each class has many variations in design and may be installed
with or without a depression of the gutter.
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TYPES OF INLETS
inlets

• Grate inlets

5.30 Types of inlets

TYPES OF INLETS
- inlets

" Grate inlets

• Slotted drains

5.32 Types of inlets

TYPES OF INLETS
> CurI:HJpening inlets

, Grate inlets

• Slotted drains

• Combination inlets

5.34 Types of inlets

5.23

5.31 Grate inlet.

5.33 Slotted drain

5.35 Combination inlet



INLET DESIGN
~~.jjjil~~~ ••"._~""'ll.l._~ ..~.ml~""~~

• Inlet CII*lltv function of
• type of Inlet
• grlte"'llIn
• IooatIon (O"1l1'llde or III)
• gutter dllign
• debrll 01oR1"I

• Weir flow, orifice flow, or combination
• lag locetIon. vuln.rable to debrl.
• Nomograph. or HYDRAIN for de.llln

5.36 Inlet design

C. Inlet capacity Is a function of a variety of factors including type of inlet, grate
design, location (on grade or sag location), gutter design, debris clogging, etc.

D. Inlets on continuous grade operate as weir flow, while Inlets in sag locations will
Initially operate as weir flow, but will transition to orifice flow as depth increases.

E. The efficiency of Inlets in passing debris is critical in sag locations since all runoff
that enters the sag must pass through the inlet, otherwise hazardous pondlng
condition can result. Grate inlets alone are not recommended in sag locations
because of pot~ntlal clogging.

F. Inlet capacity is typically defined by design charts developed for standard inlet
configurations from laboratory testing. HEC·22 provides design charts for a wide
range of inlet and grate types typically used in highway engineering.(6)

G. The HYDRA module of HYDRAIN can also be used to analyze pavement drains
for grates, curb openings, combinations, and slotted drains.
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MEDIAN, EMBANKMENT AND
BRIDGE INLETS
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• Drop Inl.tl typically ulld In mldllnl

5.37 Median, embankment and bridge
inlets

V. Median, Embankment, and Bridge Inlets

5.38 Median inlet

A. Based on capacity or erosion considerations, it is sometimes necessary to place
inlets in medians to remove some or all the runoff that has been collected.
Medians may be drained by drop (grate) inlets similar to those used for pavement
drainage.

MEDIAN, EMBANKMENT AND
BRIDGE INLETS

~f,~~"'iii$i.N~~~~~~~~~~.~~m'~~~~l!~~%:

• Drop Inltta typically ulld In mldlanl
• Brldg. deck dralnag. Ilmllar to other

eurbld roadwaYI, tiut complle.tId by
- lower, more uniform cro.. alopea
- pare. thlt collact debrta
- typically amalliniata auacaptlble to

clogging

5.39 Median, embankment and bridge
inlets

5.25
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B. Bridge deck drainage is accomplished in the same manner as any other curbed
roadway section, although bridge decks are often less effectively drained because
of lower cross slopes, uniform cross slopes for traffic lanes and shoulders,
parapets that collect debris, and drainage inlets that are relatively small and
susceptible to clogging. Because of the limitations of bridge deck drainage,
roadway drainage should be intercepted where practical before it reaches a bridge.

MEDIAN, EMBANKMENT AND
BRIDGE INLETS

< Drop Inlets typically used In medians
, Bridge deck drainage similar to other

curbed roedways, but complicated by
.. lower, more uniform cro.. slope
- parapets that collect debris
- typically smell Inlets susceptible to

clogging
• Inlets upstream of bridges and

embankments typically require near
total Interception

5.41 Median, embankment and bridge
inlets

C. Drainage inlets used to intercept runoff upgrade or downgrade of bridges, or runoff
that might endanger an embankment fill slope, differ from other pavement drainage
inlets because the economies achieved by system design are not possible
because a series of inlets are not used. Also, total or near total interception is
necessary and a closed storm drain system is often not available to dispose of the
intercepted flow. Intercepted flow is usually discharged into open chutes or pipe
downdrains terminating at the toe of the fill slope.
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D. Design Problem

Design the length of curb opening inlet required to intercept 0.15 m3/s flowing
along a street with a cross slope of 0.03, and a longitudinal slope of 0.035.
Assume an n value of 0.016. Also determine the discharge intercepted if a 3.0 m
curb inlet is utilized, and the amount of bypass flow to the next inlet.

Given: Sx = 0.03

where
S = 0.035
o =0.15 m3/s
n =0.016

Find: (1)

(2)

Solution:
(1 )

(2)

Required length for total interception by a curb-opening inlet.

Discharge intercepted by a 3.0 m curb-opening inlet, and the
amount of bypass flow to the next inlet.

From HDS-4, figure 35, for the given conditions a curb opening inlet
____ long would intercept the total design flow of 0.15 m3/s.

If a 3.0 m curb-opening inlet is used, only a portion of the design
flow will be intercepted. HDS-4, figure 36 defines the interception
efficiency for curb-opening inlets based on the length for total
interception (~).

Therefore, given a 13.2 m length for total interception from item (1),
and an a curb-opening length of only 3.0 m, the ratio of U~ is

From HDS-4, figure 36 the efficiency, E, is then , and the
discharge intercepted by a 3.0 m curb-opening inlet is

Oi = EO =

The amount of bypass flow to the next inlet is
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o (m 3/s)
1.5

0.8
0.7

0.15

0.5
LT (m)

20 0.4

0.3
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............
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............
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7

6
0.1

5
0.08
0.07

4 0.06

0.05

J 0.04

0.003

Sx. Se

0.01

/'

/'

/'
--0.02

0.003

0.04

0.06

0.08

0.1

0.2

0.1

.­_ 0.01.-

Tf---w

0.2

F'or Composite Cross Slopes, use Se for Sx'

Se -Sx + Sw Eo: Sw -o/w

n
0.1

0.02
EXAMPLE:

GIVEN: n=0.016; S=O.OI
Sx =0.02; 0=0.11 mJ/s

FIND: LT =10.36 m
0.01

0.009
0.008

Curb-opening and slotted-drain nomograph (HDS-4, figure 35)
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APPLICATIONS
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• Part 3: Design Problem

5.42 Open-channel flow, Part 3

I. Objective of the Design Problem

The objective of the design problem is to design a permanent channel lining for an
intercepting channel above a cut slope on an interstate project. The problem will involve
a Rational method calculation to define the 10-yr discharge, siZing the channel, and
selecting a channel lining to protect the channel. You will begin working on the problem
during the remaining time in class, and complete the problem as a homework assignment.
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A secondary objective is to begin getting familiar with the comprehensive example in
Lesson 9. The comprehensive example in Lesson 9 will be completed in class on the last
day of the course. The intercepting channel being considered today is channel 9, shown
on the plan view map for the comprehensive problem. The design of channel 9 will not
be part of Lesson 9.

Before you begin designing Channel 9, spend some time reviewing the plan view map,
and in particular, the different drainage channels and facilities required for the described
roadway project. Note that the topography and conditions shown on the plan view map
are illustrated by the schematic drawing shown in figure 1 in HDS-4. If you have not
worked with topographic mapping before, a comparison of figure 1 with the plan view map
should be beneficial. Developing the ability to read a topographic map and visualize the
terrain is necessary for engineering design work.

This homework problem and the comprehensive example will require use of an
engineering scale to measure distance from the topographic map. The topographic map
is a metric map, and requires the use of a metric scale. For your convenience, a metric
scale has been reproduced on paper and is provided as the last page of Lesson 9. Using
an engineering scale is another fundamental skill that is necessary for engineering design
work.

II. Assumptions and Solution Approach

The intercepting channel number 9 at the top of the cut prevents water from running down
the cut slope. The collected water is disposed by distributing it over the hillside, which is
preferable whenever the quantity of water is small and the topography and land use
permit. A large channel will not be required and the size will probably be governed by
construction techniques and equipment. Therefore, for purposes of this design assume
a V-bottom ditch with 1V:3H sideslopes.

Calculate the 10-yr design discharge using the Rational method. The tributary area at the
outlet of the channel to hillslope can be scaled from the topographic map. Note that the
tributary is delineated by the short dashed line. Scale the distances off the map and use
a triangular approximation for the area (1/2 base x height). You should get an area of
0.18 ha. The time of concentration should be based on the sum of the overland flow time
for water to reach the channel, and the travel time in the channel from the beginning of
the channel to the hillslope outlet. Since the channel size will probably be large for the
quantity of runoff, shallow flow conditions will exist in the ditch. Therefore, use the shallow
flow nomograph (HDS-4, figure 4) to estimate the velocity in the channelized section. Use
the IDF curve to define the intensity for the total time of concentration, and a C value
based on tabulated values assuming steep turf areas (Note: for your convenience, all
required graphs and tables are provided at the end of this example).
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After calculating the channel hydraulics from the Manning's equation (given the discharge
and design slope), select a lining material based on the tractive force procedure.

III. Solution

A. Rational Method

Given:

A = 0.18 ha (area scaled from map)
S = 0.13 (overland flow slope, scaled from map)

Calculate overland. flow t;

nO.6 L0.6
t = 6.99 ....."...~~

i 0.4 S 0.3

Next, calculate the t for the channel, using the shallow concentrated flow
nomograph

The total tc (the sum of the travel times) is:

From the IDF curve, determine the intensity
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Apply the Rational formula

B. Manning's Equation

Next, determine the depth of flow in the channel assuming n = 0.025.

The Manning's equation is

The hydraulic radius is

R = A =
P

From continuity, the velocity is
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C. Calculate Shear Stress

The maximum shear stress is

where 'Y = 9800 .!!..
m 3

D. Select a lining

Based on the permissible shear stress for various lining materials (HDS-4, table
13), 150 mm rock riprap would be acceptable ('t = 95.8 Pal. However, it is
necessary to iterate since the assumed n value (0.025) is not correct for this
lining material. Revise the calculation with n=0.104 for 150 mm rock riprap and
0.00 m<y < 0.15 m.

Results of this calculation indicate that 150 mm riprap would not be large enough.
Therefore, 300 mm riprap will be required.
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Values of Runoff Coefficients, C, for Use in the Rational Method (HDS-4, Table 11).

Type of Surface Runoff Coefficient
(C1

)

Rural Areas

Concrete or sheet asphalt pavement 0.8 - 0.9

Asphalt macadam pavement 0.6 - 0.8

Gravel roadways or shoulders 0.4 - 0.6

Bare earth 0.2 - 0.9

Steep grassed areas (2:1) 0.5 - 0.7

Turf meadows 0.1 - 0.4

Forested areas 0.1 - 0.3

Cultivated fields 0.2 - 0.4

Urban Areas

Flat residential, with about 30 percent of area impervious 0.40

Flat residential, with about 60 percent of area impervious 0.55

Moderately steep residential, with about 50 percent of area 0.65
impervious

Moderately steep built up area, with about 70 percent of 0.80
area impervious

Flat commercial, with about 90 percent of area impervious 0.80

1For flat slopes and permeable soil, use the lower values. For steep slopes and
impermeable soil, use the higher values.
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Permissible Shear Stresses for Lining Materials (HDS-4, Table 13).(26)

Permissible

Lining Category Lining Type Unit Shear Stress

(lb/ft2) (Pa)

Woven Pater Net 0.15 7.2

Jute Net 0.45 21.6

Fiberglass Roving:
Single 0.60 28.7

Temporary* Double 0.85 40.7

Straw with Net 1.45 69.4

Curled Wood Mat 1.55 74.2

Synthetic Mat 2.00 95.8

Class A 3.70 177.2

Class B 2.10 100.5

Vegetative** Class C 1.00 47.9

Class D 0.60 28.7

Class E 0.35 16.8

25 mm 0.33 15.8
Gravel Riprap

50mm 0.67 32.1

150 mm 2.00 95.8
Rock Riprap

300 4.00 191.5

Noncohesive See "Hydraulic Engineering Circular No.Bare Soil 15,,(26)
Cohesive

*Some "temporary" linings become permanent when buried.

**A-E refers to retardance class, with Class A vegetation having high retardance and Class E
having low retardance. Typical examples include (HEC-15, Table 1):

Retardanee Class

A

B

C

D

E

Cover

Weeping lovegrass

Weeping lovegrass

Bermuda grass

Bermuda grass

Bermuda grass
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Condition

Exeellent stand, tall (76 em)

Good stand, tall (61 em)

Good stand, mowed (15 em)

Good stand, eut (6 em)

Good stand, eut (4 em)



Manning's Roughness Coefficients (HOS-4, Table 14).(26)

n - value

Lining Category Lining Type Depth Ranges

0-0.15 m 0.15 - 0.60 m >0.60 m

Concrete 0.015 0.013 0.013

Grouted Riprap 0.040 0.030 0.028

Rigid Stone Masonry 0.042 0.032 0.030

Soil Cement 0.025 0.022 0.020

Asphalt 0.018 0.016 0.016

Bare Soil 0.023 0.020 0.020
Unlined

Rock Cut 0.045 0.035 0.025

Woven Paper Net 0.016 0.015 0.015

Jute Net 0.028 0.022 0.019

Fiberglass Roving 0.028 0.021 0.019
Temporary*

Straw with Net 0.065 0.033 0.025

Curled Wood Mat 0.066 0.035 0.028

Synthetic Mat 0.036 0.025 0.021

25 mm 0 50 0.044 0.033 0.030
Gravel Riprap

50 mm 0 50 0.066 0.041 0.034

150 mm 050 0.104 0.069 0.035
Rock Riprap

300 mm 050 0.078 0.040--
·Some "temporary" linings become permanent when buried.

Note: Values listed are representative values for the respective depth ranges.
Manning's roughness coefficients n vary with the flow depth.
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LESSON 6

CLOSED-CONDUIT FLOW FUNDAMENTALS

OVERVIEW: Method of Instruction: Lecture

Lesson Length: 45 minutes

Resources:

Lesson Outline
Slides
HDS-4, Chapter 6

IntroductIon to HIghway Hydraulic.

LESSONS

CLOSED CONDUITFLOW
FUNDAMENTALS

'lllliOOlfu~Il!>"OOl!lillll~IIIIMml~;I~~_mlll~_!I!llbl~~IIll~~~

OBJECTIVES
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• Und.r.hlnd the type. of flow In cloatd
conduits

• Know how to epply the Menning'.
Equetlon end und.rahlnd how plpelln.
mettrlelllffect. hydraulic.

• Know how to epply the energy
equetlon

• Know to how celculett heed 10•• In
cloatd conduit flow

6.0 Title 6.1 Objectives

OBJECTIVES: At the conclusion of this lesson, the Participant should:

1. Understand the types of flow in closed conduits

2. Know how to apply the Manning's equation and understand how pipeline
material affects hydraulics.

3. Know how to apply the energy equation.

4. Know how to calculate headlosses in closed-conduit flow.





LESSON 6

CLOSED-CONDUIT FLOW FUNDAMENTALS

TYPES OF FLOW IN CLOSED
CONDUITS

• Open channel flow

• Grevlty full flow

• Pressure Flow

6.2 Type of flow

I. Types of Flow in Closed Conduits

A. Flow conditions in a closed conduit can occur as open-channel flow, gravity full
flow or pressure flow.

B. In open-channel flow the water surface is exposed to the atmosphere, which can
occur in either an open conduit or a partially full closed conduit.

C. Gravity full flow occurs at that condition where the conduit is flowing full, but not
yet under any pressure.

D. Pressure flow occurs when the conduit is flowing full and under pressure.
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6.3 Manning's equation 6.4 Part-full flow relationships

II. Manning's Equation for Pipe Flowing Full

A. Due to the additional wetted perimeter and increased friction that occurs in a
gravity full pipe, a partially full pipe will actually carry greater flow. Gravity full flow
condition is usually assumed to simplify hydraulic calculations.

MANNING'S EQUATION FOR
PIPE FLOWING FULL

mf_1Iii~"WIII Ii!li_I_lIlIfii;fir_

.. ':···~·\·f:.~~·" '~f ,I' r'~:, ,.... t', r ':)1f' ".,~: ~,np n\ '~';~'.f"
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~ Manning', Equation
1/3 112

Q = 0.312 0 S
n

6.5 Manning's equation
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B. The Manning's equation combined with the continuity equation for circular section
flowing full can be rewritten as:

8 1
a = 0.312 D 3" S '2

n

where
a = Discharge, m3/s
n = Manning's coefficient
D = Pipe diameter, m
S = Slope, m/m

C. This equation allows for a direct computation of the required pipe diameter. Note
that the computed diameter must be increased in size to a larger nominal
dimension in order to carry the design discharge without creating pressure flow.

D. The standard SI nominal sizes based on current English unit nominal sizes are
given in HDS-4, table 2.
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E. Example Problem

Given: Pavement runoff is collected by a series of combination inlets. During the
design event, the total discharge intercepted by all inlets is 0.4 m3/s. A
concrete storm drain pipe (n = 0.013) is to be placed on a grade parallel
to the roadway grade, which is 0.005 m/m.

.......... , ... . . . . . . . . . . . . . . ., . . - . ' , . . . . . . . . . . . . . . . . . . . . . . . .
................................ , .. . . . . . . - . . . . . . . . . . . . . . . . . ....................... , .

•••.• •Total 0 -0.4 rrf Is.· .
:-'-'-'-~-'-:.~ .

inletinlBt

:: ::::::::::: ::::::::-:::::.:.:::::::::::::::::::::::::::::::::::::::::':.,
·· ....·····Roadvvay>

Find: The required storm drain pipe diameter and the full flow velocity.

1. Use the full flow equation (which gives pipe diameter in m)

o = 0.312 0 8/3 S 1/2

n

2. Based on HDS-4, table 2, the next larger nominal pipe size is _

3. Use the continuity equation (0 =VA) to calculate the full flow velocity.
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o = VA; therefore, V = Q1A

1tD 2
A = =

4

V =

4. Note that this is the full-flow velocity; however, under our design conditions,
the selected nominal pipe size would be flowing slightly less than full. Based
on the part-full flow relationships (slide 6.4), the velocity does not change
significantly from half-full to full. However, for tc calculation, the part-full
velocity should be used.

To calculate the part-full velocity, nomographs or trial-and-error solution can
be used. Alternatively, the part-full flow relationships can be used. The full­
flow discharge and velocity of a 600-mm concrete pipe is

o = 0.312 (0.60)8/3 (0.005)1/2 = 0.43 m 3/s
0.013

V = °A = __0_.4_3~2_ = 1.52 mls
(1t (0.6) )/4

The ratio of part-full to full-flow discharge is

~ = 0.40 = 0.93
Of 0.43

and from the part-full flow relationships (Slide 6.4), the corresponding velocity
ratio is 1.13. Therefore

NOTES:

V
- = 1.13
Vf

and V = 1.13 (1.52) = 1.72 mls
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Nominal Pipe Sizes (HDS-4, Table 2).

Nominal Size as Manufactured in English Units Nominal Size Converted to
Sl Metric Units

Pipe Diameter Pipe Diameter

Inches Feet (mm)

18 1.5 450

24 2.0 600

30 2.5 750

36 3.0 900

42 3.5 1,050

48 4.0 1,200

54 4.5 1,350

60 5.0 1,500

66 5.5 1,650

72 6.0 1,800

78 6.5 1,950

84 7.0 2,100

90 7.5 2,250

96 8.0 2,400

102 8.5 2,550

108 9.0 2,700

114 9.5 2,850

120 10.0 3,000

126 10.5 3,150

132 11.0 3,300

138 11.5 3,450

144 12.0 3,600
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ENERGY EQUATION

~ The energy equation Is:

2 2
(1, Y., + E, + z, = (1, y., + E' + Z, + hL

2g y 2g y

~ Energy head at 1 =energy head at 2,
plus Intervening losses

ro:­
il
j

,
Vi..
P,

T

Flow _-.

z,

Section 1 Section 2

z,

6.6 Energy equation 6.7 Energy equation in pipe flow

III. Energy Equation

A. The energy equation, as discussed in Lesson 3, is one of the most widely used
equations in hydraulics.

B. The energy equation is:

2 2
V1 P1 V2 P2

0.1- + - + Z1 = 0.2- + - + ~ + hL2g Y 2gy

where
(X = Kinetic energy correction factor, normally assumed to be 1
V = Average velocity in the cross section, m/s
g = Acceleration of gravity, 9.81 m/s2

p = Pressure, N/m2 or Pa
y = Unit weight of water, 9800 N/m3 at 15°C
Z = Elevation above a horizontal datum, m
hL = Headloss due to friction and form losses, m

C. In very simple terms the equation states that the energy head at any cross section
must equal that in any other downstream section plus the intervening losses.

D. The energy head is divided into three components: the velocity head, the pressure
head and the elevation head. The energy grade line (EGL) represents the total
energy at any given cross section. The energy losses are classified as friction
losses and form losses.

E. The hydraulic grade line (HGL) is below the EGL by the amount of the velocity
head.

1. In open-channel flow the HGL is equal to the water surface elevation in the
channel.
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2. In pressure flow the HGL represents the elevation water would rise to in a
stand pipe connected to the conduit.

6.8

TYPES OF ENERGY LOSSES
: L

• Friction losses are due to the forces
between the fluid and boundary

• Form losses are the result of various
hydraulic structures

• Form losses are sometimes called
"minor losses," which can be
misleading

Types of energy losses 6.9

I~----EGL

Schematic of frictionlform losses

IV. Two Types of Energy Losses

A. When using the energy equation all energy losses should be accounted for.

B. Energy losses can be classified as friction losses or form losses.

1. Friction losses are due to forces between the fluid and boundary material.

2. Form losses are the result of various hydraulic structures along the closed
conduit (entrance/exit structures, access holes, junctions, etc). Form losses
are often called "minor losses," which is misleading since these losses can be
large relative to friction losses.
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CALCULATING FRICTION
LOSSES

~~~MNMfll ••8,NU";iII~liI>tMl""~~h~~"lIIfi'!liM\~<t4+.M

~ Friction losses are calculated as

h,= L X S,

~ Friction slope based on Manning's

equation [Q n ] 2

S,= -;;m

6.10 Calculating friction loss

V. Calculating Friction Losses

A. Friction losses are calculated as

where
L = Length of the conduit
Sf = Friction slope (energy grade line slope)

B. Uniform flow conditions are typically assumed so that the friction slope can be
calculated from either Manning's equation, or the Darcy-Weisbach equation.
Manning's equation is more frequently used in design applications.

C. Rewriting Manning's equation for Sf:

Sf = ( an )2
AR 213
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TYPICAL "n" VALUES FOR
CLOSED CONDUITS

6.11 Typical n values

D. Typical Manning's n values for closed-conduit flow are given in HDS-4, table 15.
Selection of Manning's n values requires jUdgement. Roughness coefficients are
primarily defined by the type of pipe material; however, many other factors can
modify the value based on pipe material. Other important factors include the type
of joint used, poor alignment and grade due to settlement or lateral soil movement,
sediment deposits and flow from laterals disturbing flow in the mainline.

CALCULATING FORM
LOSSES

I " '''' ", 'illi ii'! "' ilIIIL'tiMI !II it ~'~;,i~,~W,~'fIL11,;all iII;:81',#I;~! 11; I: ,~: ;R,'~ f,rti ~i R! ~,~

~ Simplest method

h • K v
2

L 2g

~ Other methods based on momentum
concepts

6.12 Calculating form losses

6.10

HYDRAIN METHOD FOR
FORM LOSSES

l Ii ttlt

• BenclIouM billed on simple
equation with K defined by angle and
..Ius of bind

• Acca.. hole IoaMs baled on simple
equation with K baled on a..rIes of
equations

• JuncUon losses baled on a form of
the momentum equation

6.13 HYDRAIN method for form
losses



VI. Calculating Form Losses

A. Form losses may be evaluated by several methods. The simplest method is
based on a coefficient times the velocity head, with different coefficients tabulated
for access holes, bends, inlets, etc. The general form of the equation is:

V2
hL = K_

2g

For a sudden expansion (e.g., pipe diameter change or a storm drain outlet to a
stream channel), K is 1.0.

B. The HYDRA module of HYDRAIN uses several methods to calculate form losses.
Bend losses are based on a coefficient times velocity head, with the coefficient (K)
being a function of the angle and radius of the bend.

ACCESS HOLE LOSSES
~"lIlm!l~__

.tsas,ct:qua on Tor 1'\

K • Ko X CD X Cd X CQ X Cp x C.

• Ko Is the Initial head loss coefficient
• CD Is the correction for pipe diameter
• Cd Is the correction for flow depth
• CQ Is the correction for relative flow
• Cp Is the correction for plunging flow

6.15 Precast concrete access hole
components prior to installation

C. In HYDRAIN (version 5.0), HYDRA access hole losses are calculated in a similar
fashion with K defined as

K = Ko x Co x Cd x CQ x Cp x Cs

where
K =Adjusted headloss coefficient
Ko = Initial headloss coefficient based on relative access hole size
CD =Correction factor for pipe diameter
Cd = Correction factor for flow depth
CQ = Correction factor for relative flow
Cp = Correction factor for plunging flow
Cs = Correction factor for benching

The equations for adjusted headloss and the various correction factors are given
in HDS-4, appendix B.
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ACCESS HOLE LOSSES
(cant)

• Initial head loss coefficient

0.15

Ko= 0.1 x !t(1-sin 9) + 1.4 xr~ Jx sin 9
Do lDo

6.16 Access hole losses (cont)

b b 0.15
Ko = 0.1 x [-] x [1 - sin 0] + 1.4 x [_] x sin e

Do Do

where
Ko = Initial headloss coefficient based on relative access hole size
o = Angle between the inflow and outflow pipes (see figure)
b = Access hole diameter
Do = Outlet pipe diameter
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Access
Hole

--~
defleclion angle

6.17 Angle of deflection

ACCESS HOLE LOSSES
(cant)

,.", ..... ;/

~ Correction factor for pipe diameter change
(pressure flow)

3

Co = [~:]
only good when &.. > 3.2

D.

6.18 Access hole losses (cant)
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where
Co = Correction factor for variation in pipe diameter
OJ = Incoming pipe diameter
Do = Outgoing pipe diameter

ACCESS HOLE LOSSES
(cont)

t,:~ :-'.:':'(cr:,:'I",,::;r:'i~:i" ;;C:.'i.:i

.. Correction factor for flow depth
(free surface or low pressure)

816

Cd = 0.5 [ ::]
HQL

only good when.! < 3.2
Do

6.19 Access hole losses (cont)

d 3/5
Cd = 0.5 x [-l

Do

where
Cd = Correction factor for flow depth
d = Water depth in access hole above outlet pipe invert
Do =Outlet pipe diameter
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where
Cp = Correction for plunging flow
h = Vertical distance of plunging flow from invert of the plunging pipe to the

center of the outlet pipe
Do = Outlet pipe diameter
d = Water depth in the access hole

BENCHING TYPES ACCESS HOLE LOSSES
(cont)

0.15

-- 0.07-----

Bench Type
Correction factors for benching (Ce):

Benched 1/2 pipe 0.95
diameter
Benched one pipe -----0:7S
diameter

Submerged Unsubrnerged
(Pressure flow; (Free surface flow;

==-:-,-----_---t-.....:d1=Do7 "">3=.2,,-)_ ~_~<!c~L_
Flat Floor 1.00 1.00

IMPROVEDFUll1/2FLAT
IrnplOlled 0.40 0.02

6.22 Schematic for benching factor 6.23 Access hole losses (cont)
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ACCESS HOLE LOSSES
(cant)

miHlilH;lilljlllil!fill!lIlljiilllililimM!limmlljillfUjliilIllH!iI!!imllfJi;j~ilHillljiijil,fimWit

• Correction factor for relative flow

3/4

CQ = (1-2 sin 9 ) x (1 - ~) + 1
Q.

6.20 Access hole losses (cont)

[
Q.~

Co = (1 - 2 x sin 9) x 1 - Q~J4
+ 1

where
Co = Correction factor for relative flow
9 = Angle between the original inflow and outflow pipes
OJ = Flow in the original inflow pipe
00 = Flow in the outlet pipe

ACCESS HOLE LOSSES

• Correction factor for plunging flow

h h-d
Cp =1 + 0.2 ( 0.)( 0:-)

Do
-1

6.21 Access hole losses (cont)
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The benching correction factor, Ce, is based on tabulated values:

Bench Type

Correction Factors CB

SUbmerged* Unsubmerged**

Flat floor
Benched one-half of pipe diameter
Benched one pipe diameter
Improved

* pressure flow, diDo> 3.2

**free surface flow, diDo < 1.0

6.17

1.00
0.95
0.75
0.40

1.00
0.15
0.07
0.02



NOTES:
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LESSON 7

CLOSED-CONDUIT FLOW APPLICATIONS

OVERVIEW: Method of Instruction: Lecture, Demonstration and Workshop

Lesson
Length: Part 1: Culvert Design Procedures

Part 2: Storm Drain Design Procedures
Part 3 and 4: Demonstration and Workshop

Resources:
Lesson Outline
Slides
Video
Demonstration Flume
HDS-4, Chapter 7

- 90 minutes
- 30 minutes
- 120 minutes

Introduction to Hlghw.y Hyd,..ul/cs

LESSON 7

CLOSED CONDUIT FLOW
APPLICATIONS

PwI~~lllOOllllllll!lilllll~mllllllil1illlliWI!!l!i!MlI1I!1il.'Ill!'1!il~ll§,!lili!lni~Il;Wlll1!lI!'!!!a~w.

OBJECTIVES
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• Understand basic design procedures
for culverts

• Understand basic design procedures
for storm drains

• Observe culvert flow conditions and
complete a culvert design problem

• Observe storm drain flow conditions
and complete a storm drain design
problem

7.0 Title 7.1 Objectives

OBJECTIVES:

1.

The objectives of this lesson are to:

Understand basic design procedures for culverts.

2.

3.

4.

Understand basic design procedures for storm drains.

Observe typical culvert flow conditions in the demonstration flume and
complete a culvert design problem.

Observe typical storm drain flow conditions in the demonstration flume
and complete a storm drain design problem.





LESSON 7

CLOSED-CONDUIT FLOW APPLICATIONS

TYPICAL APPLICATIONS OF
CLOSED CONDUITS

• Culverts often used:
- when cross drainage is necessary
- when downdralns are required

• Storm Drains often used:
- when allowable spread or channel

capacity has been exceeded
- when erosion control is a problem

STORM DRAIN/CULVERT
CHARACTERISTICS

• Constructed of reinforced concrete,
corrugated metal and plastic

• Available in nominal sizes
• Size should not be decreased in

downstream direction
• Energy dissipation often required 8t

outlet
• Maintenance Is required due to

sediment and debris deposition

7.2 Applications of closed conduits 7.3 Storm drain and culvert
characteristics

I. Typical Highway Applications of Closed Conduits

A. Typical closed-conduit facilities in highway drainage include culverts and storm
drains.

B. Culverts are typically shorter conduits that are used for:

1. Cross drainage and can range in size from a single small culvert
draining an isolated depression to multiple barrel designs and/or very
large culverts for passing major stream channels under a roadway.

2. Downdrains to protect fill slopes or to divert roadway water from a bridge
deck.

C. Storm drain systems consist of inlets connected to an underground pipe and an
outlet facility. Storm drains are typically used:

1. When allowable pavement spread or channel capacity has been
exceeded.

2. In high gradient situations where erosion control is a problem.

7.1



D. Typical pipe materials used in culverts and storm drains include reinforced
concrete, corrugated metal and plastic.

E. Conduit and culvert material are typically available in standard (nominal) sizes.
Conduit size should not be decreased in the downstream direction, even if
hydraulic calculations suggest this is possible.

F. Energy dissipation is often required at the outlet of a storm drain or culvert to
prevent erosion.

G. Maintenance is required for any closed-conduit facility. Sediment deposition within
the conduit and debris removal at the entrances are typical maintenance items.

7.4a Storm drain pipe

7.2

7.4b Installing storm drain pipe



7.5a CMP culvert

NOTES:

7.3

7.5b RCB culvert



NOTES:
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LESSON 7

CLOSED CONDUIT FLOW APPLICATIONS

PART 1: Culvert Design Procedures

Introduction to Highway Hydraulics

LESSON 7, Part 1

CUL VERT DESIGN
PROCEDURES

CULVERT DESIGN
APPROACH

••' > ,•••••,•••:•• ~.: ..;••:"':':':::':"':;:"::':-:-'~ ;:t;::,<,,::~::@::~~ii'::::;::;:::;<:;:;<:;~<~,m;:::::;,", :':'.;".,,<::~::::~:::::::::::;:::::;::;::<:::::::~;,~,:i:!;:::::: :::;::;::;::~:;;:::;i:;:; :"::<,:;:;:;:;:;:::;:%::

• Culvert material selection depends on
strength, roughness, durability and
abrasion factors

• Standard shapes available

7.6 Lesson 7, Part 1 7.7 Culvert design approach

II. Culvert Design Approach

A. The selection of culvert material depends on structural strength, hydraulic
roughness, durability, and corrosion and abrasion resistance.

B. The most common cross sectional shapes for culverts are illustrated in slide 7.8.

e • •Circular Box (Rectangular) Elliptical

• • ~
Pipe Arch Metal Box Arch

7.8 Culvert shapes

CULVERT DESIGN
APPROACH

""'@''''':''''e;i~~Wtt''~I;if[~l'~lmf@W'1fi~~a~i'ijjij'
ml~Il'11~I'i, ~@IlI§!1hll'11@s$, @l1lIfi'ilblOitw 1lD'll@!
IllIbL"tillsl@D'll flll©t@m

• $flilll'11@1lli1'd sll'!jJtMS jJ'fIll!i8l1lli1@

• Flow may occur as open channel,
gravity full or pressure flow

• Theoretical analysis is difficult
• For purposes of design, standard

procedures and nomographs are used
(see HDS-S)

7.9 Culvert design approach (cont)

C. Flow conditions in a culvert may occur as open-channel flow, gravity full flow or
pressure flow, or in some combination of these conditions.
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D. A complete theoretical analysis of the hydraulics of culvert flow is time-consuming
and difficult.

E. For purposes of design, standard procedures and nomographs have been
developed to simplify the analysis of culvert flow. These procedures are detailed
in HDS-5, "Hydraulic Design of Highway Culverts," and taught in NHI Course
13056, "Culvert Design."

CULVERT INLETS
~~::~:.~~::::,:::;:;:s::~~*m.::::::~::::::mm:::;,~;::~*~*:::::s::®~~**»~***:mt::::.:::(::::*:~::mr;:;:~:m::»'~:S::@:::'1.'$::m:1$:':::S::::::':;:::''$;*m**:::*!;*

• Common Inlets Include:

- pl'OjlCllng culvert belftl
- C8st-in-plllC8 conc..... heedWlllls
- PlKast or prefeb end sections
- culvert ends mitered to fill slope

7.10a Types of inlets and outlets

II. Culvert Inlets

7.10b Four standard inlets

A. Culvert inlets are available in a variety of configurations and may be prefabricated
or constructed in place. Commonly used inlet configurations include:

1. projecting culvert barrels,

2. cast-in-place concrete headwalls,

3. precast or prefabricated end sections, and

4. culvert ends mitered to conform to the fill slope.

B. Inlet configuration affects energy loss and hence culvert performance.
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Entrance Loss Coefficients

7.11 Inlet loss coefficients

7.13 End mitered to slope

7.15 Precast end section

7.7

7.12 Projecting barrel

7.14 Cast-in-place headwall

7.16 Beveled inlet



CULVERT INLETS (conij
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• Selection of an inlet based on:
- struc1ural stability
- aesthetics
- erosion control and fill retention
- hydraulic performance
- economics and safety

7.17 Types of inlets... (cont)

C. Structural stability, aesthetics, erosion control, fill retention, hydraulic performance,
economics and safety are considerations in the selection of an inlet.

Beveled Edge
Entrance

CULVERT INLETS (conij
:i:i:':::::::::::::::~m ::::::<::':::::::~::;:::::;~V:::::':::':::::::::i:::::::::~: :::mm%::%,:,::::m~~~~::::::~:::::::::'~::::~;:i::%::::::%:~~8:~:~:::::j>'%::<::=:::;:':::::@::::~:;. ~:;;::;~::W::~:;':::::::::i:i:::::"::::'··'·:·:·:·:'··

, Selection of an inlet based on:
.. structural stability
• aesthetics
- erosion control and fill retention
.. hydraulic performance
- economics and SIIfety

• Beveled edges perform better than
square edges

7.18a Beveled inlets improve performance 7.18b Beveled inlet schematic

D. Hydraulic performance is improved by use of beveled edges rather than square
edges.

7.8



Side-tapered Inlet Slope-tapered Inlet

an
.. strudural stability
.. lHIsthetlcs
.. erosion control and fill retention
. hydraulic performance
.. economics and safety

, Beveled edges perform better than
square edges

• Improved inlets can significantly
increaseQ

7.19 Improved inlets...

Bend
I Section

ThfOllt
S«:tion

CulWHt

Plan :

7.20 Improved inlets schematic

F. Side-tapered and slope-tapered inlets, commonly referred to as improved inlets,
can significantly increase culvert capacity. A side-tapered inlet provides a more
gradual contraction of flow and reduces energy losses. A slope-tapered inlet, or
depressed inlet, increases the effective head on the control section and improves
culvert efficiency.

CULVERT OUTLETS

7.21 Schematic of HW and TW

III. Culvert Outlets

• Hydraulic performance influenced
more by tailwater conditions than
type of outlet

• Outlet design more important for
transitioning flow back into natural
channel

7.22 Culvert outlets

A. For culvert outlets, hydraulic performance is influenced more by tailwater
conditions in the downstream channel than by the type of outlet.

B. Outlet design is important for transitioning flow back into the natural channel,
since outlet velocities are typically high and can cause scour of the downstream
streambed and bank.
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CULVERT FLOW
CONDITIONS
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• Culverts can flow full or partially full
• wlter lurrace profile InalYlls required to

determine part full flow conditions
• partly full flow may be lubcrltlcal, critical

or lupercrltlcal
- gravity full flow Is a Ipecla' cese of free

lurface flow

7.23 Culvert flow conditions

IV. Culvert Flow Conditions

n~~
Partially lull flOw

E
Partially lulillow

~ ..--. ...
Partially lull flow Fulillow

7.24 Flow conditions schematic

A. A culvert may flow full over all its length or partially full. Full flow throughout a
culvert is rare, and generally some portion of the barrel flows partly full.

1. A water surface profile analysis is the only way to accurately determine
how much of the barrel flows full.

2. Pressure flow conditions in a culvert can be created by either high
downstream or upstream water surface elevations.

3. Partly full flow, or open channel flow, in a culvert may occur as
subcritical, critical or supercritical flow.

B. Gravity full flow, where the pipe flows full with no pressure and the water surface
just touches the crown of the pipe, is a special case of free surface flow and is
analyzed in the same manner as open channel flow.

CULVERT FLOW
CONDITIONS

"""""''''"'~;'''ellT'';fl;'''(;;~'''fft)w''fGll''()F'p;iii.'fYjfGrj';''''''''"'"'""""'""'"
... Water IUrface profile ana~11 required to

determine part full flow condltlonl
... Partly full flow may be lubcrltlcel. crRlcel

or aupercrttlcel
.. Qrevny full flow II • special cen of fr..

surface flow
• Two types of flow control:

- Inlet control
- outlet control

7.25 Culvert flow conditions
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C. Based on a variety of laboratory tests and field experience, two basic types of flow
control have been defined for culverts: inlet control and outlet control.

INLET CONTROL
*i;i:j~~~ii?:~i:i~:r.'~~~~~ii:!1~m~~~~~~~~~l~~~~ii!1~~~~~~~i~~~r:t:~~~~!iiii~~~~~~~~~~~~?:~~~~i~~~:~:!:i~,*~~m~~~~Ui~~~~~.~m:me~:m~.~~~~~.

• Definition

Inl.t control OCCUfW w"-n th. cu/~rt
IM".,c.n c.rry mOlYl flow th.n t"­
Inl.t will~pt

• Hydraulic controlla located luat
Inald. the .ntranc.

• Downatream condltlona do not
Influ.nc. culv.rt capacity

7.26 Inlet control

V. Inlet Control

A. Inlet control occurs when the culvert barrel is capable of conveying more flow than
the inlet will accept.

B. The hydraulic control section of a culvert operating under inlet control is located
just inside the entrance. Critical depth occurs at or near this location and the flow
regime immediately downstream is supercritical.

C. HydraUlic characteristics downstream of the inlet do not affect culvert capacity.
The upstream water surface elevation and inlet geometry are the primary factors
influencing culvert capacity.
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7.27 Types of inlet control 7.28 Example of inlet control

D. Slide 7.27 illustrates typical inlet control conditions. The type of flow depends on
the submergence of the inlet and outlet ends of the culvert; however, in each case
the control section is at the inlet end of the culvert. For low headwater conditions
the entrance of the culvert operates as a weir, and for headwaters submerging the
entrance the entrance operates as an orifice.
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OUTLET CONTROL
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• Definition

Outlet control occurs when the
culvert btI",,1 csnnot csrry lIS much
flow BS the inlet will sccspt

• Hydraulic control Is at the barrel exit,
or further downstream

• Either subcrltlcal or pressure flow
occur In the barrel

7.29 Outlet control

V. Outlet Control

A. Outlet control occurs when the culvert barrel is not capable of conveying as much
flow as the inlet opening will accept.

B. The control section for outlet control is located at the barrel exit or further
downstream.

C. Either subcritical or pressure flow exists in the culvert under outlet control. All the
geometric and hydraulic characteristics of the culvert play a role in determining
culvert capacity.
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A

B

7.30 Types of outlet control

FACTORS INFLUENCING
CULVERT PERFORMANCE

OUTLET INLET
CONTROL CONTROL

.... -f'''..---
7.31 Inlet/outlet summary

D. Slide 7.30 illustrates typical outlet control conditions.
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HEADWATER/TAILWATER
CONSIDERATIONS

• Increased water surface provides
necessary energy

• Headwater (HW) is the depth of water
at the culvert entrance

• Ponding will occur upstream of a
culvert and may attenuate flood peak

• Tallwater (TW) Is depth at the culvert
outlet, measured from the invert

• Tallwater defined by downstream
channel conditions

7.32 Headwater and tailwater

VII. Headwater and Tailwater Considerations

A. Energy is required to force flow through the constricted opening represented by a
culvert. This energy occurs as an increased water surface elevation on the
upstream side of the culvert.

B. The headwater depth (HW) is defined as the depth of water at culvert entrance.

C. In areas with flat ground slope or high fills a considerable amount of ponding may
occur upstream of culvert. If significant, this ponding can attenuate flood peaks
and may justify a reduction in the required culvert size.

D. Tailwater is defined as the depth of water downstream of the culvert, measured
from the outlet invert. Tailwater is an important factor in determining culvert
capacity under outlet control conditions.

E. Tailwater conditions are most accurately estimated by water surface profile
analysis of the downstream channel; however, tailwater conditions may be
estimated by normal depth approximations.
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Culvert Flow Plus
'!oadway Overtopping

PERFORMANCE CURVES
• A performance curve is a plot of HW

versusQ
• Performance curves used to:

- evallUlte consequences of higher Q
- evallUlte benefits of Inlet Improvements

• A performance curve is developed
from both inlet and outlet control
curves, with minimum performance
controlling

7.33 Performance curves

VIII. Performance Curves

_ Inlet Control
Curve

I
I

Ji -4-- Outlet Control
.' Curve

/
/

o
0.00 ao 4.00 6.00 8.00 10.00 12,00

Flow (m3/s)

7.34 Performance curve example

A. A performance curve is a plot of headwater depth or elevation versus flow rate.

B. A performance curve can be used to evaluate the consequences of higher flow
rates, such as the potential for overtopping the roadway if the design event is
exceeded, or to evaluate the benefits of inlet improvements.

C. In developing a performance curve both inlet and outlet control curves must be
plotted, since the dominant control is hard to predict and may shift over a range
of flow rates.
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CULVERT DESIGN METHOD
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• Design is based on location of control
(inlet or outlet)

• Concept of "minimum performance"
is applied

• For a given Q, a culvert size and
material are assumed and the HW
calculated (inlet and outlet control).

• The higher HW is the controlling
headwater elevation

7.35 Culvert design method

IX. Culvert Design Method

A. The basic design method is based on the location of the control (inlet or outlet).

B. Although control may oscillate from inlet to outlet, the concept of "minimum
performance" is applied meaning that while the culvert may operate more
efficiently at times, it will never operate at a lower performance than calculated.

C. The design procedure then is to assume a pipe size and material and calculate the
headwater elevation for both inlet and outlet control, using the HDS-5 nomographs
or HYDRAIN, HY-8. The higher of the two is designated as the controlling
headwater elevation.
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CULVERT DESIGN METHOD
(cont)
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• Controlling HW compared to desired
design HW to evaluate performance

• Outlet velocity evaluated to define
need for outlet protection

• Evaluation of headwater and outlet
velocity continues until an acceptable
culvert configuration Is defined

• Selected culvert must then fit
roadway cross section

7.36 Culvert design method (cont)

D. The controlling headwater elevation is compared to the desired design headwater,
usually governed by overtopping considerations, to determine if the assumed
culvert size is acceptable.
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INLET CONTROL NOMOGRAPH OUTLET CONTROL NOMOGRAPH
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7.37a Inlet control nomograph
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7.38a Outlet velocity under inlet control

7.37b Outlet control nomograph
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7.38b Outlet velocity under outlet control

E. The outlet velocity should then be considered to evaluate the need for outlet
protection:

1. If the controlling headwater is based on inlet control, determine the
normal depth and velocity in the culvert barrel. The velocity at normal
depth is assumed to be the outlet velocity.
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2. If the controlling headwater is based on outlet control, determine the
area of flow at the outlet based on the barrel geometry and the following:
(1) critical depth if the tailwater is below critical depth, (2) the tailwater
depth if the tailwater is between critical depth and the top of the barrel,
(3) the height of the barrel if the tailwater is above the top of the barrel.

F. The evaluation of headwater conditions and outlet velocity is repeated until an
acceptable culvert configuration is determined. To facilitate the design process,
a Culvert Design Form is provided in HDS-5.
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;; C ,._ _L <.., _
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~

7.39 Culvert design form

I
....., .....··....··
""
••" ...,,-..n-.-

G. Once the barrel is selected, it must be fitted into the roadway cross section. The
culvert barrel must have adequate cover, the length should be close to the
approximate length, and the headwalls and wingwalls must be dimensioned.
Culvert analysis and design can be completed using HYDRAIN.
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IMPROVED INLET DESIGN
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• Improved inlets more important for
inlet control culverts

• Improved inlets include:
- bevel-edged Inlets
- side-tapered inlets
- slope-tapered Inlets

7.40 Improved inlet design

X. Improved Inlet Design

A. Improved inlet design can increase culvert capacity significantly for culverts
operating under inlet control, but will have only a minor effect on culverts operating
under outlet control.

1. Inlet improvements on culverts functioning under outlet control will
reduce entrance losses, but these losses are only a minor part of the
total headwater requirement. Therefore, only minor modifications of the
inlet geometry which result in little additional cost are justified.

2. Inlet improvements on culverts functioning under inlet control can
change the typically part full flow in the barrel to full or nearly full flow,
better using barrel size and increasing culvert capacity significantly.

7.21
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B. Inlet improvements consist of bevel-edged inlets, side-tapered inlets and slope­
tapered inlets.

BEVEL-EDGED INLETS
:'~~:::~~~~::~:~~~:*:~~~M~~~~@:,~*::~~~~m::~i@:*~~~~!*~~~~(((~~:~;~*;:.~M:~:;::((::~~*~~:*:~~~~:~*~~;:(::(*:~:::~~:*:*~'i:~~,),:~~:(,,(@*~m::~::M:::: ::::;:::m::::::~ :::::::~~(~:::::;;;~~'

• Beveled edges reduce contraction of
flow by enlarging culvert face

• Bevels are plane surfaces; but
rounded culvert edges are also
effective

7.41 Bevel-edge inlets 7.42 Beveled edge example

C. Beveled edges reduce the contraction of flow by effectively enlarging the face of
the culvert. Bevels are plane surfaces, but rounded edges that approximate a
bevel, such as the socket end of RCP, are also effective. Bevels are
recommended on all headwalls.

SIDE-TAPERED INLETS
:~:~~~~~~i$~~ffll~~~~~_~iii;\:m'~~~~~_~i!f:~~;:m:!~t~~\l~ ..m~llil%:!l~t:l.~~~~~~~~~~:f:l.:!ill~i~~~~~~~r:::!:!~~~~~~!~i

• Tapered Inlets Improve performance
by providing more efficient control
section

• Interaectlon of sidewall tapers and
barrel Is defined a. the throat

• Two control s.ctlons possible
- It thl hie.
• It thl throlt

7.43 Side-tapered inlets 7.44 Side-tapered example

D. A second degree of improvement is a Side-tapered inlet. Tapered inlets improve
culvert performance by prOViding a more efficient control section (the throat). The
inlet has an enlarged face area with the transition to the culvert barrel
accomplished by tapering the sidewalls.

1. The intersection of the sidewall taper and barrel is defined as the throat
section.
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2. Two control sections occur on a side-tapered inlet: at the face and
throat.

3. Throat control reduces the contraction at the throat.

SLOPE·TAPERED INLETS
t:~l~~:m::mlml~m*~~~~l~~~~~:m.:mmmmm~!l:w:::::':::~*::::;l~!l:f,;:~~~~~:;;:::ll~:~:§::~;lll~l~;:;:~~;:::~::@::j:::::;:~;:;:;:; ~::':::~::~~:: :::~::::~;:::~~:::::;m~~~

• Slope-tapered Inlets provide a
depression of the Inlet that applies
more heed at the control section

• Control can occur at face or throat

• Throat control Is preferrable and will
cause more of the potential capacity
of the barrel to be used

7.45 Slope-tapered inlets 7.46 Slope-tapered example

E. A third degree of improvement is a slope-tapered inlet. The advantage of a slope­
tapered inlet over a side-tapered inlet without a depression is that more head is
applied at the control (throat) section.

1. Both face and throat control are possible in a slope-tapered inlet;
however, since the major cost of a culvert is in the barrel portion and not
the inlet structure, the inlet face should be designed with greater
capacity at the allowable headwater elevation than the throat.

2. This will insure flow control will be at the throat and more of the potential
capacity of the barrel will be used.

XI. Culvert Design with HYDRAIN

A. HY8 module of HYDRAIN can be used to design culverts.
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LESSON 7

CLOSED CONDUIT FLOW APPLICATIONS

PART 2: Storm Drain Design Procedures

Introduction to Highway Hydraulics

LESSON 7, Part 2

STORM DRAIN DESIGN
PROCEDURES

7.47 Lesson 7, Part 2

I. Storm Drain Design Approach

STORM DRAIN DESIGN
APPROACH
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• Typically involves detailed
calculations completed in an Iterative
manner

• Major steps include:
- preliminary layout
- sizing conduits
- HGL calculation
- revisions to optimize or correct problems

7.48 Storm drain design approach

A. The design of a storm drain system is not a complicated process, but can involve
detailed calculations that are often completed in an iterative manner.

B. The major steps in storm drain design are:

1. Development of a preliminary layout.
2. Sizing the conduits in the storm drain system.
3. Computation of the HGL.
4. Adjustment of inlet sizes/locations and pipe size/location to correct HGL

problems and/or optimize the design.

PRELIMINARY LAYOUT
• The preliminary layout Is a plan and

profile drawing showing

- plan view showing existing roadway,
bridges, surface utilities, etc. and the
proposed pipe layout, Inlets, access
holes,etc

- profile view showing existing utilities and
storm drain systems and proposed pipe
profile

7.49 Preliminary layout

7.25

7.50 Example plan/profile sheet



II. Preliminary Layout

A. The first step in storm drain design is to develop a preliminary storm drain layout,
including inlet, access hole and pipe locations.

1. The preliminary layout is usually completed on a plan and profile
drawing that shows the roadway, bridges, adjacent land use conditions,
intersections, and under/overpasses.

2. Other utility locations and situations should also be identified and shown,
including surface utilities, underground utilities and any other storm drain
systems. Storm drain alignment within the road right-of-way is usually
influenced, if not dictated, by the location of other utilities. These other
utilities, which may be public or private, may cause interference with the
alignment or elevation of the proposed storm drain.

,~.

PRELIMINARY LAYOUT (cont)
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• Defining the preliminary layout Is
based on experience recognizing:

- eatlmetedlnlet type encllocetlon will
provide besls tor pipeline hydrology end
will be edJusted, es required

- ulUmetely, Inlets must be provided beeecl
on aprud end/or InterHCtlon
requirements

,...
Arterial

«JDmmRCP

........ , ..

7.51 Preliminary layout (cont) 7.52 Intersection inlet example

B. Tentative inlets, junctions and access locations should be identified based primarily
on experience factors, recognizing that:

1. The initially estimated type and location of inlets will provide the basis
for hydrologic calculations and pipe sizing, and will be adjusted as
required during the design process.

2. Ultimately, inlets must be provided based on spread criteria and/or
intersection requirements. Generally all flow approaching an intersection
should be intercepted, as cross gutters are not practical in highway
applications.
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PRELIMINARY LAYOUT (cont)
• Other factors Influencing layout

include:

- access hole requirements
- Junction requirements
- minimizing excavation
- traffic flow Issues
- use of curved alignments for larger

systems

7.53 Preliminary layout (cont) 7.54 Access structure

C. Other factors influencing preliminary layout include:

1. Access is required for inspection and maintenance of storm drain
systems. For storm drains smaller than about 1 m, access is required
about every 120 m, while for larger sizt-Js the spacing can be 180 m and
larger.

2. Junctions are required at the confluence of two or more storm drains,
where pipe size changes, at sharp curves or angle points (greater than
10 degrees), or at abrupt grade changes.

3. Generally, a storm drain should be kept as close to the surface as
minimum cover and/or hydraulic requirements allow to minimize
excavation costs.

4. Another location control is the demand of traffic and the need to provide
for traffic flow during construction including the possible use of detours.

5. Providing curved storm drain alignments may be cost effective and
should be considered for large pipe sizes, especially when headlosses
are a concern.
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PIPE SIZING
• Calculate discharge at each inlet
• Adjust inlet locations, as required
• Main line sized on longest time of

concentration (not sum of
discharges)

7.55 Pipe sizing

III. Pipe Sizing

7.56 Inlet before turn lane

A. Given the preliminary layout, it is possible to begin the hydrologic and hydraulic
analysis necessary to size the storm drain system.

B. The first step is to calculate the discharge contributing to each inlet location and
to size the inlet. Based on the small incremental drainage areas involved, the
Rational method is typically used. Given the discharge at each selected inlet and
considering spread criteria, it may be necessary to relocate an inlet or to
incorporate additional inlets.

C. After adjusting inlet locations the storm drain laterals and main line can be sized.
Laterals are sized based on the discharge used to size the inlets.

D. It is important to realize that the discharge for the main line is not simply the sum
of the incremental discharges at each inlet. Recalling that in the Rational method
the rainfall intensity used should be based on the longest time of concentration to
the design point, the discharge for the main line should be determined based on
longest time of concentration from various upstream approach branches and the
corresponding accumulated CA values. This procedure satisfies the assumptions
and stipulations for use of the Rational method.
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PIPE SIZING
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• CtIlculete dlach8rge at each Inlet
• Adjust Inlat locations, as reqUired
• Main line sized on longest time of

concentration (not sum of Inlets)
• Pipe size estimated from full flow

Manning equation
• The crown should drop by the

heedloss across the structure
• MInimum velocity of 0.8 m/s

7.57 Pipe sizing (cont)

E. Preliminary pipe size is then calculated based on a full flow assumption given the
discharge and pipe slope. This approach does not account for minor losses, which
will be accounted for in the HGL calculation. Minor losses can be approximately
accounted for at this stage of design by using a slightly higher roughness value in
the full flow calculation.

F. The pipe slope is typically established in preliminary design based on the roadway
grade and the need to avoid other existing utilities or storm drains.

H. The crown of the downstream pipe should drop by the headloss across the
structure.

I. Generally, storm drains should be designed to provide a velocity of at least 0.9 mls
when the conduit is full to insure that the pipe is self cleaning.
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HGL CALCULATION
• HGL is used to evaluate overall

performance of preliminary layout

• At design discharge and/or check
discharge, inundation, backflow or
other adverse effects should be
avoided at Inlets, access holes, and
other appurtenances

7.58 HGL calculation 7.59 Example HGL profile

IV. Hydraulic Grade Line Calculation

A. The HGL is used to evaluate overall system performance and insure that at the
design discharge the storm drain system does not inundate or adversely affect
inlets, access holes or other appurtenances.

HGL CALCULATION (cant)

• Locate

• Establish tailwater

• Calculation proceeds on a
reach-by-reach basis from a given
control point (typically upstream)

• Calculation based on energy equation

7.60 HGL calculation (cont)

B. The first step in calculating the HGL is establishing the location of all hydraulic
controls along the conduit alignment and locations where the water surface must
not be exceeded. These may occur at the inlet, at the outlet or at intermediate
points along the alignment.
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C. If the tailwater elevation is not known or is low, use the process given in HDS-5
to estimate the approximate hydraulic grade line by averaging the height of the
storm drain and critical depth. This value cannot exceed the height of the drain
and should be used if it is greater than the actual tailwater depth. Storm drains
are normally designed to flow full in outlet control; but if control is not at the outlet,
then inlet control equations should be used.

D. The calculation proceeds on a reach-by-reach basis from a given control point.
In contrast with the downstream direction of calculations used to design the overall
system, the calculation of the HGL usually proceeds in the upstream direction
depending on the location of the control(s).

ENERGY EQUATION IN HGL
ANALYSIS

~~.i!~~Hilil'illll~.~~II~I~~I'1iM.R_M;~iWig~9<U~f~N~II~NP4i~Min~i#>lif1f~1iUjjjl~~~~U~~

• Design based on uniform HGL in a
given reach

• Friction losses based on full flow
assumption
- pressure flow when Sf > So
- partial flow when Sf< So

• Form losses assumed as point losses
across the structure

• HGL =EGL • velocity head

7.61 Energy equation

E. The calculation is based on application of the energy equation. For the first
reach, the energy losses (friction and form) are calculated. The first reach is
defined from the downstream control point to the first hydraulic structure or conduit
grade break. Subsequent reaches are defined between hydraulic structures and/or
grade breaks.

F. The design procedure is usually based on the assumption of a uniform hydraulic
gradient within a conduit reach. Greater accuracy could be achieved with water
surface profile computations, but such accuracy is seldom necessary.

G. Friction losses are calculated assuming full barrel flow using the full flow version
of the Manning's equation. It defines the friction slope given the design discharge
and preliminary pipe diameter.

1. If the calculated friction slope is steeper than the pipe slope, pressure
flow conditions will exist.

2. If the friction slope is less than the pipe slope, partial flow will occur.

7.31



3. At the location where the pipe becomes unsealed, or transitions to
partial flow, normal depth calculations used to estimate hydraulic
conditions.

H. For each hydraulic structure, account for the form losses. Form losses are
typically assumed to occur as point losses across a given structure.

I. The energy losses are added to the energy grade line when working upstream, or
subtracted when working downstream. The HGL is then calculated by subtracting
the velocity head from the energy grade line. Then plot the HGL on the storm
drain profile plan sheet.

OPTIMIZATION OF SYSTEM
• If HGL Is too high, ch8nge pipe size

8nd re-calcul8te HGL
• System should be desiP.ned to

operate et or n88r gravity full flow
• Design should be eV81usted using 8

higher check flood

7.62 Optimization of system

V. Optimization of System

A. If the HGL is too high in a given reach, the pipe size or material must be changed
which will require recalculation of the HGL.

B. As designed the system will operate basically at or near gravity full flow; however,
if surcharging (pressure flow) is acceptable, the pipe sizes can be reduced and the
system reanalyzed.

C. The initial design should be evaluated using a higher check flood and adjusted to
reduce cost and risk, if necessary.
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STORM DRAIN DESIGN
USING HYDRAIN
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• HYDRA module can be used for storm
drain design

• Discharge may be calculated from
Rational method, hydrologic
simulation, or HYDRO analysis

• Can design or analyze sanitary, storm
or combined systems, and provide
cost estimate

• Cannot perform optimization

7.63 Storm drain design using HYDRAIN

VI. Storm Drain Design Using HYDRAIN

A. Storm drain analysis and design can be completed in HYDRAIN, using the HYDRA
module.

B. HYDRA generates storm flows by using either the Rational method technique,
hydrologic simulation techniques, or accepting a hydrograph generated by a
HYDRO analysis.

C. It can be used to design or analyze storm, sanitary or combined collection
systems. Additionally, HYDRA can be used for cost estimating.

D. Note that HYDRA is not an optimization program, thus individual case studies
need to be run and analyzed by the designer/engineer.
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LESSON 7

CLOSED-CONDUIT FLOW APPLICATIONS

PART 3: Culvert Design Demonstration and Workshop

I. Demonstration of Flow in a Culvert

Purpose:
To use the demonstration flume to illustrate outlet control, inlet control, and the effect of
inlet type on culvert flow.

A. Demonstration 11

Outlet control conditions will be demonstrated with the double-barrel culvert insert in
the demonstration flume. With the flume on a zero percent slope, the discharge will
be increased to create full flow conditions in the pipe, with a low tailwater condition.
The factors influencing outlet control will be evaluated and discussed during the
demonstration.

NOTES:

B. Demonstration 12

Inlet control conditions will be demonstrated by increasing the flume slope. Under inlet
control a free surface condition exists in the culvert barrel. Notice that initially, as the
slope increases, the headwater remains constant and the culvert continues to operate
in outlet control. However, eventually the headwater begins to increase and a free
surface condition develops, indicating a change to inlet control. In the field, inlet
control can occur at about a half of one percent slope for a smooth barrel.

The effect of inlet condition will be demonstrated with the single barrel culvert model.
The changes in headwater for a sharp edge, miter, thick wall, headwall, groove end,
headwall with a bevel, and side- and slope-tapered inlets will be demonstrated.

NOTES:
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II. Culvert Design Workshop

Given: A culvert at a new roadway crossing must be designed to ~ass the 25-year flood.
Hydrologic analysis indicates a peak flow rate of 6.0 m Is. The approximate
culvert length is 60 m. and the natural stream bed slope approaching the culvert
is 1 percent. The elevation of the culvert inlet invert is 600 m and the roadway
elevation is 603 m. To provide some capacity in excess of the design flood, the
desired headwater elevation should be at least 0.5 m below the roadway
elevation. The tailwater for the 25-year flood is 1 m.

Find: The size of RCP culvert necessary for the 25-year flood.

1. The design will be completed using the culvert nomographs. The Culvert
Design Form will be used to facilitate the trial and error design process.
The Culvert Design Form provides a summary of all the pertinent design
data, and a small sketch with important dimensions and elevations. All
necessary nomographs are provided with this workshop. To expedite the
solution process, begin with a 1500-mm RCP culvert.

2. The completed Culvert Design Form (see following page) indicates that a
1500-mm RCP with a (projecting) groove end entrance, operating under
inlet control, will result in a headwater elevation that is 0.9 m below the
roadway.

3. The outlet velocity can be computed by calculating the full flow discharge
(HDS-4, equation 51), and full flow velocity (from continuity), and then
using the part-full flow relationships (HDS-4, figure 40) to find the VNf
ratio given QlQf'
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LESSON 7

CLOSED-CONDUIT FLOW APPLICATIONS

PART 4: Storm Drain Design Demonstration and Workshop

I. Demonstration of Storm Drain Concepts

Purpose:
To discuss benching in access holes and to use the demonstration flume to qualitatively
illustrate differences in storm drain inlet grates.

A. Demonstration 13

Storm drain inlet conditions will be demonstrated using a variety of different grate
designs. The amount of flow intercepted depends on the momentum of the flow
and the forces created by different inlet designs to counteract that momentum.

NOTES:
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II. Storm Drain Design Workshop

Given: An RCP storm drain, 600 mm in diameter, carries 0.30 m3/s on a 0.001 slope. The storm
drain is 301.5 m long, with a 1.5 m (diameter) access hole in the middle. The HGL at the
outlet is 1.50 m above a datum defined by the pipe invert. Calculate the HGL and EGL
profiles.

Find: HGL
EGL

7.46



1. Check for pressure flow conditions: from the full-flow Manning's equation, the full
flow capacity is

Q _ 0.312 D8/3 S 1/2
full - -n-

2. Flow velocity in pipe

Q = VA V = Q, A

1tD 2
A=_=

4

3. Calculate the losses and apply energy equation

The HGL at the outlet (section 1) was given as 1.5 m using a datum at the invert
of the pipe.

Assume:

Then:

Z2 = 150(0.001) = 0.15 m

Apply the energy equation from the ponded water to section 1, the outlet of the
pipe
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V
2

Pp
p + - + Zp + hL

2g Y

The headloss is the exit loss created at the outlet

For the exit, the va~ue of K is 1.0 and the loss is

Apply the energy equation from section 1 to the downstream side of the access
hole at section 2

V:d P2d V; P1
+ - + Z2 == - + - + Z1 + hf

2g Y d 2g Y

The headloss is due to friction.

hf == L Sf == L ( an J
0.312 D 8/3

Therefore, the friction headloss from section 1 to 2 and from section 2 to 3 is
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Access Hole Loss

For the access hole, the coefficient K is defined as

As provided in HDS-4, appendix B, the initial headloss coefficient Ko' is estimated
as a function of the relative access hole size and angle between the inflow and
outflow pipes:

b b 0.15
Ko = 0.1 x [-] x [1 - sin 9] + 1.4 x [-] x sin 9

Do Do

where
9 = Angle between the inflow and outflow pipes
b = Access hole diameter
Do = Outlet pipe diameter

The correction factor for pipe diameter (CD) is 1.0 since the incoming and outgoing
pipe diameters are the same. Similarly, the correction factor for relative flow (Co)
is 1.0 since the inflow and outflow discharge rates are the same, the plunging flow
correction is 1.0 since there are not multiple inflows and with no benching CB = 1.
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The correction factor for flow depth Cd is a function of the HGL at the upstream
end of the outlet pipe (1.72 m). Therefore,

d 3/5
Cd = 0.5 [-l =

Do

The coefficient K is then

and the headloss is

V 2
hL = K - =

2g

The headloss at a structure, such as a access hole, is typically assumed to be
uniformly distributed across the structure. Apply the energy equation across the
structure. Allow for a crown drop equal to the headloss through the access hole.

Then, applying the energy equation from section 2u to section 3

vi P3 viu P2
_ + - + Z3 = - + _u + Z2 + hf
2g 'Y 2g 'Y
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4. Calculate the HGL and EGL at each section

PHGL = - + Z
y

v 2
EGL = HGL +-

2g

Section Ply Z HGL V2/2g EGL

1

2d

2u

3

5. Plot the pipe profile, HGL and EGL on the graph paper below:

7.51



"I ~

(w) UOneAal3

o
--.-..,....,..""'I'"-r"-r-T--r--!__,.....,....~.,........~'""I""""I'~--r--!--.--........-~Ln
......-+-+-t--+-+-+-+-+-I-f-I-+-+-+-+--f-+--+-+-+-+-+-+-I-I-I-+-~M

o
t-+-+++-+-+-+-+--i-+-+-+-+-+-++++++...lff-I--+--l-i-l-W-+-+--l 0
1-+++++-+-+-+-1-+-J-+-+-+-+-++++-+-Th-f--+---l-l-j--!@-+-H M

o
1-++-+-++-+-+-+-I-+-+-+-+-+-+-+-++-I-+--IW4-+-1--i-I---I$.-+-+--l Ln
......-+-+-t--+-+-+-+-+-I-f-I-+-+-+-+--f-+--+-+-+-+MH---+--I-I-I----a~ "I

I-+-+-+++-+-+-+-+-+-I-+-+-+-+-+-++++-Ht--+-l-+-~It--H0 ....-.
I-++-+-+-+-+-+-+-+-+-+-+-I--+--l--+-I-+-+-+--I-m-+-+-+-+--H--+-l 0 E

"I"
1-+++++-+-+-+-1-+-J-+-+-+-+-++++-+--+-m--+---l-l-~ir-H (J)

o
c:
as

0 ....
I-++-+-++-+-+-+-I-+-+-+-+-+-+-+-++-I-+-+-I~--i-l-+-~Ln .~
......-+-+-t--+-+-+-+-+-I-f-I-+-+-+-+--f-+--+-+-+-+-+-irt-l-l-l-+---~~ 0

o
1-++-+-++-+-+-+-I-+-+-+-+-+-+-+-++-I-+-+-I-4-!--i-l-+-~ 0
1-+-+--+--+-+-+-+---+-1~+-+-+--f-+-t-+-+-+-+---+-I~I-+-+-+-~ ~

..........~...L....I-...L...J.......L....I....,L,..J~l....l...-...........r.......L--l--L.....L....I.~~L...L..-.L..-I-.II0
o

7.52



LESSON 8

ENERGY DISSIPATOR DESIGN

OVERVIEW: Method of Instruction: Lecture

Lesson Length: 45 minutes

Resources:

Lesson Outline
Slides
HDS-4, Chapter 8
Video

Introduction to Hlghwsy Hydrsulics

LESSON 8

ENERGY DISSIPATOR
DESIGN

8.0 Title

OBJECTIVES
~iiii~i~~~iW;::::W:;<~~~~~:~:;:;:::::::~:~: .:::::::::::::;:::~:i::::::i::i::i:;:; %iK:::::<~~::;:q*:::::8:::<:;8.::-·:':: ::::::::::::::::::~~::~:::::::::::::::;:::::~*:~::f<$i i'i::~mW::i: :i:w::,=,=:mm@:'::A:::.,

• Recognize erosion hazards at
culverts

• Know how to evaluate and/or modify
culvert outlet velocity

• Understand the benefits and
limitations of energy dissipators
typically used in highway engineering

8.1 Objectives

OBJECTIVES:

1.

2.

3.

At the conclusion of this lesson, the Participant should:

Recognize erosion hazards at culverts.

Know how to evaluate and/or modify culvert outlet velocity.

Understand the benefits and limitations of energy dissipators typically used
in highway engineering.





LESSON 8

ENERGY DISSIPATOR DESIGN

GENERAL DESIGN
CONCEPTS

::*m:~~~MM~'::::i~:::~@::::::;,:::~::'~::::;~~:i;:;~~~M~:~~~%~~~m~::m::;~~~::::::::::::~:~::::~::,:::::*:::::::::::::m~:'::::;:::::::::::::::::::::::::~:~::m:~:::~:::::::::::::~~m~~~~:,:M::::m :,*::: ::::::::::m::~~(.;!~~

• Erosion Is a natural phenomenon that
Is sometimes accelerated by highway
activities

• Energy dissipating devices are
sometimes necessary

8.2 General design concepts

I. General Design Concepts

8.3 Scour problem

A. Erosion is part of the natural environment; however, erosion is often increased by
construction of a highway.

B. To protect the highway and adjacent areas it is sometimes necessary to employ
an energy dissipating device.

8.1



GENERAL DESIGN
CONCEPTS (cont)

:':':-:':::;:'::::"~;:~:::::::::i:;~:::::::::"

• Energy dissipators should be an
integral part of overall design

- energy dissipetor requirements may
change with changes in culvert design

- downstream conditions impact energy
dissipator design

8.4 General design concepts (cont)

C. Energy dissipators should be considered as an integral part of the overall system,
not something that is "added on" since:

1. Energy dissipator requirements may be reduced, increased or possibly
eliminated by changes in the culvert design.

2. Downstream channel conditions (velocity, depth and channel stability) will
impact the selection and design of appropriate energy dissipation devices.

GENERAL DESIGN
CONCEPTS (cont)
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• Primary objective of an energy
dissipator is to prevent excessive
damage due to erosion

- return flow to the downstream channel in
a condition that approximates nonnal
conditions

- reducing flow conditions below "normal
conditions" not necessarily beneficial

• HEC·14 is primary design reference

8.5 General design concepts (cont)

D. Throughout the design process, the designer should keep in mind that the primary
objective is to protect the highway structure and adjacent area from excessive
damage due to erosion. One way to accomplish this objective is to return flow to
the downstream channel in a condition that approximates the natural flow regime.
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EROSION HAZARDS

8.6 Erosion hazards

II. Erosion Hazards

8.7 Flow conditions at culvert inlet

A. Erosion at a culvert inlet is typically not a major problem since water normally
ponds at the inlet.
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EROSION HAZARDS
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, Erosion at culvert Inlets Is not II major
problem due to pondlng

• Erosion at culvert outlets Is II
common problem

- evaluation of erosion at the outlet should
be completed for all culvert designs

- the only safe solution Is to ..sume that
erosion will occur, and provide
appropriate protection

8.8 Erosion hazards (cont)

B. Erosion Hazards at Culvert Outlets

8.9 Flow conditions at culvert outlet

1. Erosion at culvert outlets is a common problem and should be evaluated
in the design of all highway culverts.

2. Ultimately, the only safe procedure is to design on the basis that erosion
at a culvert outlet and downstream channel will occur, and must be
protected against.

CULVERT OUTLET VELOCITY
• Continuity equation is always

applicable to evaluate outlet velocity
- discharge
- flow area (Inlet or outlet control)

• Outlet velocity Is an Indicator of
erosion potential

• modification of barrel velocity
possible; but often of limited value

8.10 Culvert outlet velocity

III. Culvert Outlet Velocity

A. The continuity equation can be used to compute culvert outlet velocity, either within
the barrel or at the outlet. Given the design discharge, the only other
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information needed is the flow area, and it is a function of the type of control (outlet
or inlet).

B. Culvert outlet velocity is one of the primary indicators of erosion potential.

C. If the velocity is higher than in the downstream channel, measures to modify or
reduce velocity within the culvert barrel should be considered. However, the
degree of velocity reduction is typically limited and must be balanced against the
increased costs generally involved.

T
~ Yn, ,
-HIGHER ROUGHNESS;N INLET CONTROL

r T
Yc

1 ~
LARGER PIPE INounET C NTROL

OUTLET VELOCITY
REDUCTION

• Inc...... roughn...
- u.. a roughar barral
- artificially roughan the barral

• Inc.....lng the barrel .Ize
- Inllgnlflcant aflaet In Inlet control
- only uaafulln outlat control

8.11 Outlet velocity reduction 8.12 Ways to reduce outlet velocity

D. Outlet Velocity Reduction

1. Under inlet control, use a pipe with a higher roughness (e.g., CMP) or
artificially increase roughness (e.g., roughness rings).

2. Increasing the barrel size is a possibility in outlet control. However, this
approach may not be cost-effective. Another alternative to reduce velocity
is to flare the outlet wingwalls and use a paved apron. Under inlet control
when partially full flow occurs, the flow area will not change significantly
with a larger pipe size or wingwall flare; therefore, the velocity will not be
reduced much.

3. HEC-14 discusses the various methods of creating additional roughness
and details the appropriate design procedures.
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HYDRAULIC JUMP
ENERGY DISSIPATORS
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• Considerable turbulence and loss of

energy occurs In a hydraulic jump
• Hydraulic jump energy dlsslpators

force a jump to occur
• Typical structures used In highway

engineering
- CSU rigid boundary basin
- SAFbasin
- USBR type IV basin

8.13 Hydraulic jump energy dissipators

IV. Hydraulic Jump Energy Dissipators

A. The hydraulic jump is a natural phenomenon which occurs when supercritical flow
changes to subcritical flow.

B. This abrupt change in flow condition in a hydraulic jump is accomplished by
considerable turbulence and loss of energy, making the hydraUlic jump an effective
energy dissipation device.

C. To better define the location and length of a hydraulic jump, standard design
structures have been developed to force the hydraulic jump to occur. These
structures typically use blocks, sills or other roughness elements to impose
exaggerated resistance to flow.

Culvert
Outlet

8.14a Schematic of CSU rigid boundary basin

8.6

8.14b CSU rigid boundary basin



8.15a

Culvert
Outlet

Profile
Schematic of SAF stilling basin 8.15b SAF stilling basin

D. Forced hydraulic jump structures applicable in highway engineering include the
CSU rigid boundary basin, the St. Anthony Falls basin and the USSR type IV
basin.

IMPACT BASIN
ENERGY DISSIPATORS

. "oomm .. .···:::!:'~n~
• Impact basins are structures that

physically block free discharge
• The Impact creates turbulence end

loss of energy
• Typical Impact besin used In hlghwey

engineeri"\l is the USSR type VI
stirling basin

8.16 Impact basins
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Culvert
Outlet

Profile

8.17a Schematic of USBR Type VI

V. Impact Basins

A. As the name implies, impact basins are designed with part of the structure
physically blocking the free discharge of water. The action of water impacting on
the structure dissipates energy and modifies the downstream flow regime.

B. Impact basins include the Contra Costa Energy Dissipator, Hook type energy
dissipator, and the USSR Type VI Stilling Basin.
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DROP STRUCTURE
ENERGY DISSIPATORS
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• Commonly used for flow control .nd
energy dissipation

• Ch.nge long steep slopes Into short
mild slopes

• Designed to control slope to ellmln.te
high velocities

• energy Is dissipated by
- concrete aprons
- battle blocks/sllls
- abrupt riMS

8.18 Drop structures

VI. Drop Structures with Energy Dissipation

8.19 Straight drop spillway stilling basin

A. Drop structures are commonly used for flow control and energy dissipation.

B. Reducing channel slope by placing drop structures at intervals along the channel
changes a continuous steeper sloped channel into a series of milder sloped
reaches with vertical drops.

C. Instead of slowing down and transferring high erosion producing velocities into
lower nonerosive velocities, drop structures control the slope of the channel so that
high velocities never develop.

D. The kinetic energy or velocity gained by the water as it drops over the crest of
each structure is dissipated by specially designed aprons or stilling basins.

E. The stilling basin used to dissipate excess energy can vary from a simple concrete
apron to an apron with flow obstructions such as baffle blocks, sills, or abrupt rises.
The length of the concrete apron required can be shortened by addition of these
appurtenances.
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STILLING WELL
ENERGY DISSIPATORS
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• Stilling wells dissipate energy by
forcing water vertically upward

• Stilling wells most applicable where
debris is not a problem

• Typical highway applications include
pipe down drains

8.20 Stilling wells

8.21a Schematic of COE stilling well 8.21b COE stilling well

VII. Stilling Wells

A. Stilling wells dissipate kinetic energy by forcing flow to travel vertically upward to
reach the downstream channel.

B. The stilling well most commonly used in highway engineering is the Corps of
Engineers Stilling Well. This stilling well has application where debris is not a
serious problem.

C. Its greatest application in highway engineering is at pipe down drains where little
debris is expected. It is recommended that riprap or other types of channel
protection be provided around the stilling well outlet.
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RIPRAP STILLING BASINS
• Riprap stilling basins commonly used

at culvert outlets
• Design based on model study tests of

scour holes at culvert outlets
• Additional energy dissipation occurs

from mound of rock downstream of
scour hole

• General design procedure is to
preshape the scour hole and line it
with riprap

8.22 Riprap basins

VUI. Riprap Stilling Basins

8.23 Riprapped culvert energy dissipator

A. Riprap stilling basins are commonly used at culvert outfalls.

B. The design procedure for riprap energy dissipators was developed from model
study tests. The results of this testing indicated that the size of the scour hole at
the outlet of a culvert was related to the size of the riprap, discharge, brink depth
and tailwater depth.

C. The mound of rock material that often forms on the bed downstream of the scour
hole contributes to dissipation of energy and reduces the size of scour hole.

D. The general design guidelines for riprap stilling basins include preshaping the scour
hole and lining it with riprap.
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ENERGY DISSIPATOR
DESIGN USING HY·8

• HYDRAIN module HY-8 Implements
HEC·14 design procedures

8.24 Design using HY·8

IX. Energy Dissipator Design Using HY·8

A. Energy dissipator design for culvert outlets can be completed within the HY·8
module of HYDRAIN. The design is based on FHWA publication HEC-14.

X. FWHA Video "Energy Dissipators for Highway Structures"
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LESSON 9

COMPREHENSIVE EXAMPLE

OVERVIEW: Method of Instruction: Workshop

Lesson Length:

Resources:

Lesson Outline
HDS·4

Overview

Problem Solving/Design:

Channel Design
Storm Drain Design
Culvert Design

30 minutes

60 minutes
60 minutes
60 minutes

OBJECTIVES: At the conclusion of this lesson, the Participant will have worked on a "real
world" highway drainage design problem, will have applied specific
drainage calculation/design procedures presented in this course, and
should have a better understanding of highway drainage engineering.





LESSON 9

COMPREHENSIVE EXAMPLE

I. Problem Statement

Many of the procedures discussed during the last three days will be used to design
various drainage components of an interstate highway project. The layout of the drainage
system is shown in the plan view map. The grading for the project has defined channel
courses within the highway right-of-way, or in the case of the cut slopes within an
easement. The original topographic contours are shown as dotted lines, and the revised
contours based on the grading for the roadway are shown as solid lines. The stationing
for the roadway is given by the solid line in the median swale between the north and
southbound lanes.
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The drainage channels are indicated by dashed lines and are numbered for easy
reference. The points for which channel sizes are calculated are indicated by letters.
Roadway and toe-of-slope channels are used to capture the runoff within the right-of-way
and carry water to the natural drainage course. Intercepting channels are used on the cut
slopes to capture off-site drainage and to protect the cut slopes from erosion. Note that
intercepting channels 8 and 9 dispose of water by distributing it over the hillside, while
intercepting channel 4 conducts water to channelS. A lining for channel 9 was designed
in Part 3 of Lesson 5. Drainage components considered in this example include the
roadway/toe-of-slope channels 4 and 5, and a storm drain at the lower end of channelS.
There is not enough time in the lesson to complete every component of the design;
therefore, some portions of the design are provided.

The design will be completed for a 10-year discharge. For all Rational method
calculations use the IDF curve provided at the end of this lesson. This IDF curve was
calculated using HYDRAIN. A metric engineering scale and additional nomographs
necessary for solution are also provided on a separate page at the end of this lesson.

II. Calculations

A. Channel 4 Design

This channel drains a grassed cut slope. The first step was to use the Rational
method to define the 10-year design discharge. The kinematic wave formula was
used for the overland flow tc and the shallow concentrated flow nomograph for the
channel that drains the cutslope.

The total tc was calculated to be 6.8 minutes and the computed Rational method
runoff was 0.05 m3/s for a drainage area of 0.2 ha with C =0.7.

The second step was to determine an adequate channel geometry to carry the
computed flow. Given the small area and flow on a bench surface, a symmetrical
V-shaped ditch was assumed with 1V:3H sideslopes.

An iterative solution of the Manning's equation found Y =0.11 m. From continuity,
the velocity V =1.4 m/s.

B. Channel 5 Design

Reach 5A

This channel drains the cutslope below channel 4, and both southbound lanes for
a distance of 160 m. The area of the roadway consists of 2 shoulders (3 m wide)
and 2 lanes (each 4 m wide). Therefore, the pavement area is

pavement area =14 m x 160 m =0.22 ha, which has a C = _

The ditch area is 2.2 m wide by 160 m long, so that its area is 0.04 ha. The cut
slope area is 0.2 ha, and the C for slope and ditch are both __ (grass cover).
Therefore, the total area is
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A=

Application of the Rational method will be based on a weighted C value.

A
Pavement
Grass

Weighted C

Next, determine the time of concentration. The overland flow t on the cut slope
will be based on the kinematic wave formula with n =0.5. A trial and error solution
of the kinematic wave formula is required by assuming a value for t, finding the
corresponding intensity on the IOF curve, and comparing the calculated t with the
assumed t. The overland flow slope is

S = 449 m - 444 m =~ = 0.33
15 m 15 m

n 0.6 L 0.6
t = 6.99 --­

i 0.4 S 0.3

Assume shallow concentrated flow exists in the channel. Scaling from the map,
the toe-of-slope channel has a slope of

S = 444 m - 437 m
160 m

7m
160 m

= 0.04

From the shallow flow nomograph (HOS-4, figure 4), V = 1.0 m/s.

Therefore,

t =
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To confirm that the cutslope flow path represents the longest t, compute the t for
the roadway. For the roadway area assume n = 0.02, and a typical cross slope
of 2 percent.

Use i = 150 mm/h in the kinematic wave equation

t =

The total tc is calculated by:

tc = tcut slope + tchannel

t =c

Checking the IOF curve with a tc =7.1 min, i = mm/h. The discharge is
then

Q = CiA =

360

Assuming n = 0.025, use Manning's equation to define hydraulic conditions.
Given that this channel is adjacent to the roadway, the channel front slope (cross
slope adjacent to the roadway) should be flatter than the backslope for safety
should a vehicle leave the roadway. Assume a V-shaped channel with a 1V:3H
backslope and a 1V:6H front slope, where

[
z + Z JA = BY + 1 2 2 y 2
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0.14 = _1_ (0 + 4.5y2) [ 0 + 4.5y
2

0.025 0 + Y( /1 2/Y +3 +y1 J
/3

(0.04)1/2

+ 62)

8y iteration Y = 0.15 m, and by continuity V = 1.4 m/s. This is similar to the
channel hydraulic conditions calculated for channel 4.

Reach 58

At concentration point 58, calculate the combined discharge immediately below the
confluence of channel 4 with channel 5. Note that this is not necessarily the sum
of the two channel discharges. The discharge will be calculated with the Rational
method using the longest te from the total area to find i. First find the weighted C:

C =

Next, find i. The te for channel 4 was __ min, and __ min for channel 5A;
therefore, use te = min. From the IDF curve, i = mm/h. The area
is the total area of all contributing watersheds, which is __ ha + __ ha =
___ ha.

Therefore,

Q = CiA =
360

In this case, the sum of the two discharges (I... ---J) is equal to the
discharge for the combined areas and longest te.

Reach 5C

The discharge at concentration point 5C should be based on the longest tc' which
may result from subarea 1 or from the tc at point 58 plus travel time in the swale
to point 5C. The te at point 58 was 7.1 min. The travel time in the swale, based
on the previously calculated velocity of 1.4 mls and a travel distance of 170 m,
would be 170/1.4 = 2.0 min. Therefore, the total tc for this flow path would be 9.1
min.

The tc based on a flow path through subarea 1 draining to point 5C would include
both overland flow and shallow flow components.
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For the overland flow component, the kinematic wave equation was used with an
assumed maximum allowable overland flow length of 130 m. The computed t =
34.4 min.

The travel time beyond 130 m was based on the shallow concentrated flow
nomograph. The shallow flow travel distance is 370-130 = 240 m. Using the
nomograph (HOS-4, figure 4), V = 1.3 m/s for S = 0.08, and

t = 240 = 1.85 S = 3.1 min.
1.3

Therefore, the total time of concentration is

te = 34.4 min + 3.1 min = 37.5 min

The time of concentration for this flow path is longer than for the flow path from
point 5B; therefore, 37.5 min was used to compute the intensity in the Rational
method. Based on a weighted C value, the peak discharge was computed to be
1.01 m3/s.

This channel is also adjacent to the roadway and a V-shaped channel was used
with a backslope of 1V:3H and a front slope of 1V:6H. Solving the Manning's
equation by iteration results in Y = 0.31 m, and from continuity V = 2.3 m/s. The
shear stress (t = WS) created by these hydraulic conditions is 121 Pa.

Reach 50

Next determine the discharge at point 50, based on the longest te, which may
result from overland flow from subarea 2 or from the te at point 5C plus additional
channel travel time. The te at point 5C was 37.5 min. The travel time in the
swale, based on the previously calculated velocity of 2.3 m/s and a travel distance
of 160 m, would be 160/2.3 = 1.2 min. Therefore, the total te for this flow path
would be 38.7 min.

The te based on a flow path through subarea 2 draining to point 50 would include
both an overland flow and a shallow flow components. For the overland flow
component, kinematic wave equation was used with an assumed maximum
allowable flow length of 130 m. The computed t = 34.4 min.

The travel time beyond 130 m was based on the shallow concentrated flow
nomograph. The shallow flow length is 430 m - 130 m = 300 m on a slope of 8
percent. Using the nomograph (HOS-4, figure 4), V = 1.3 m/s and

t = 300 m = 231s = 3.8 min.
1.3 m/s
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The total time of concentration is

tc = 34.4 min + 3.8 min = 38.2 min

In this case, the time of concentration for this overland flow path is less than the
flow path from point 5C; therefore, 38.7 min was used to compute the intensity in
the Rational method. Based on a weighted C value, the computed discharge is
1.83 m3/s.

This is another roadway channel and so a backslope of 1V:3H and a front slope of 1V:6H
was assumed. Solving the Manning's equation by iteration, Y = 0.41 m, and from
continuity V = 2.4 m/s. The shear stress created by these hydraulic conditions is 121 Pa.

Evaluate Channel Stability Below Concentration Point 5C

Is an open channel suitable below concentration point 5C? Compare the
computed shear stress with allowable shear stress criteria.

C. Storm Drain Design

A storm drain beginning at concentration point 5C will discharge into the stream
channel just upstream of an existing culvert. The headwater elevation (HW)
created by this culvert defines the hydraulic control point at the outlet of the storm
drain. In order to design the storm drain, the culvert HW for the 10-year flood
must be calculated.

Culvert Analysis

The RCP culvert length is 70 m, D =1500 mm, S =2 percent, and the upstream
invert elevation of the culvert is 421 m. The 10-year discharge in the stream
channel is 8.5 m3/s. A backwater analysis calculated the tailwater at the outlet to
be 1 m. Using the culvert design form determine the HW assuming the inlet
condition is a groove-end in a headwall.

For Inlet Control:
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For Outlet Control:

The controlling condition is that which produces the highest headwater. In this
case, the culvert is under control since > _

The outlet velocity is calculated by comparing the design discharge with the
discharge at full flow.

Design Q =8.5 m3/s

Full flow Q = 0.312 1.5813 0.021/2
o 0.012

Thus we get

QlQo = 8.5 m
3
/s = 0.78

10.8 m3/s

Using the part-full flow nomograph, we find VNo = _

9.9



10.8m 3/s

1t (1.5)2

4
= 6.11m/s

v = 1.1 (6.11 m/s) = 6.7 m/s

The results of the culvert analysis are provided on the culvert design form on the
following page.
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Storm Orain Oesign

Assume the storm drain will be constructed on a slope of 4 percent. From the
culvert analysis, a controlling downstream water surface elevation of 424.2 exists.
At the outlet, the invert of the storm drain will be at the channel's invert. A junction
structure will be required to bring in flow from subarea 2 (concentration point 50),
and an inlet at the upstream end will collect subarea 1 (concentration point 5C)
flow. Assume that the storm drain daylights into the swale for the subarea 1 inlet.
The discharge at concentration point 50 was based on a tc from concentration
point 5C plus travel time in the ditch. With a storm drain pipe the travel time from
5C to 50 will be less. Consequently, the overland flow path will now control the
tc' The tc for the overland flow path was nearly identical to the ditch flow path,
and so, the design discharge at 50 remains the same. Locate a 1 m access hole
with no benching at station 0+80. The following figure summarizes the
station/elevation information necessary for HGL evaluation.
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Begin the design by calculating the preliminary storm drain size using the full flow
Manning's equation. For purposes of this example, use a constant storm drain
size for the entire project.

Q = 0.312 08/3 S 1/2
n

Based on nominal pipe sizes, use a __ mm diameter pipe.

Using the energy equation, begin calculating at section 1 and move to 2, then 2
to 3d and so on.

hL in this case is the headloss due to expansion where the flow enters the stream.
Therefore,

v2
2hL = K _, where K = 1

2g

Q
V2 = - =

A

A = 1t(0.75)2 = 0.44m 2
4
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SUbstituting into the energy equation to solve for P.Jy.

(4.2)2 P2
~~:-:- + _ + 421
2(9.81) 'Y

(0)2

2(9.81)
+ 3.2 + 421 +

(Note that this is the depth of water at the outlet of the storm drain.)

Now calculate from 2 to 3d, that is, from the pipe's outlet, to the downstream side
of the junction, where flow from concentration point 5D enters the storm drain.

2 2
V3d P3d V2 P2
- + - + Z3 = - + - + Z2 + hf
2g 'Y 2g 'Y

Here, hf represents the losses due to friction in the pipe. The hydraulic radius
is

R =

and

an 2
hf = L [ ] =

AR 2/3

Apply the energy equation to solve for P3J'Y
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Going across the junction

Now, hL represents the form loss through the junction. Based on junction loss
relationships (see HDS-4, section 6.3.2), the computed hL = 0.22 m.

Apply the energy equation to solve for P3jy, allowing for a crown drop equal to the
headloss across the junction.

Now, calculate the pipe reach from 3u to 4d

The headloss due to friction is 0.53 m and the pressure head at 4d is computed
to be

P
~ = 1.56

Y

Going across the access hole

Now, hL represents the form loss through the access hole.

This is calculated by

hL = K [~:] where K = Ko X Co X Cd X Co X Cp X CB
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b b 0.15
KO = 0.1[-] (1-sin e) + 1.4 [-] SIN e

D D

=0.1 [_1_] (1-sin 180) =0.13
0.75

(
d )15 [1.56j/5Cd = 0.5 - = 0.5 -- = 0.78
D 0.75

[

Q. J.75
CQ = (1 -2 sin e) 1 - Q~ + 1

= 1.0 since there are not multiple inflows

= 1 since there is no plunging flow condition.

With no benching (flat floor condition), Cs = 1.0.

Then, K = Ko X CD X Cd X CQ X Cp X Cs
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Apply the energy equation to solve for P4..1Y, given the invert elevation at 4d of
421.6 + 0.22 + 0.04(65) =424.42

Now calculate the pipe reach from 4u to 5

The headloss due to friction is 0.69 m and the pressure head at 5 is computed to
be

Ps_ = -1.15
Y

The negative pressure indicates that the pipe becomes unsealed somewhere
between point 4u and 5; therefore, further analysis is required. First, determine if
supercritical flow is occurring away from the influence of the high downstream
tailwater. Calculate critical depth and normal depth for the pipe.

Critical depth can be determined from nomographs or by solving HDS~4, equation
36. Using the critical depth figure provided with this example, for the given
discharge and pipe diameter, de =__.

Normal depth is calculated by comparing the design discharge to the full flow
discharge and using the hydraulic properties figure to determine the depth.

0
0

= 0.312 (0.75)8/3 (0.04)1/2 = 2.23 m 3/s
0.013

Os = 1.01 = 0.45
0 0 2.23
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From the hydraulic properties figure

ds Vs_ = 0.48 and - = 0.97
Do Vo

Therefore,

Vs = 2.2 m/s and

ds = 0.48 (0.75) = 0.36 m

Since 0.36 is less than critical depth of 0.60 m, supercritical flow exists and a
hydraulic jump occurs somewhere between point 4u and 5.

Assume that the storm drain daylights into the drainage swale at concentration
point 5c, with a berm across the swale to pond the water and force it into the
storm drain. Calculate the HGL at this entrance (section 6) based on inlet control
using the RCP inlet control nomograph. For Q =1.01 m3/s and a 750 mm RCP
culvert with the groove end in a headwall, the HW/O ratio is so that, HW

=-----------
Therefore, at the entrance (section 6) the HGL =EGL = _

Then, assume normal depth flow will exist in the storm drain immediately upstream
of the location of the jump. For purposes of storm drain design, the jump can be
approximately located at the intersection of the upstream and downstream energy
grade lines.

The EGL in the normal depth region is

EGL = (2.2)2 + 0.36 + Z
2(9.81)

The intersection of the upstream and downstream EGL's are located graphically
and the HGL can then be sketched, as shown on the following page.

Fill in the table provided to tabulate the results of the calculation.
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Section
p

Z HGL
V2

EGL
y 29

1

2

3d

3u

4d

4u

5

6
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Critical Depth for 750 mm Circular Pipe
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FHWA Training Course "Introduction to Highway Hydraulics"

Metric Ruler lcm=50m
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