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PREFACE

Stormwater Management for Land Development: Methods and Calculations
for Quantity Control, was written in response to the need for a book that
covers the basic methods of hydraulics and hydrology used in land develop-
ment design. The structure of the book is placed in three segments: fluid
mechanics and hydraulics, watershed analysis and basic hydrologic methods,
and stormwater design for conveyance and detention. The book is intended
as a text for engineering and engineering technology students at the bacca-
laureate level. It is specifically written for academic programs where a single
fluid mechanics and hydrology course is used to present stormwater manage-
ment methods. In addition to academic use, the text is intended as a desktop
reference for professionals engaged in stormwater runoff calculations, con-
veyance design, and detention design. It is recognized that in professional
practice, the majority of stormwater calculations are done with specialized
commercial software. However, the practitioner must understand the methods
behind the software, and this book explains the origin and application of many
of these computerized methods.

The need for a texbook like this became apparent to me while teaching
portions of the Penn State University continuing education short course titled
Computational Methods in Stormwater Management. The short course, which
was first started in 1978 by hydrology faculty in the Department of Civil
Engineering at Penn State, is intended for consulting engineers, municipal
engineers, landscape architects, surveyors, and other professionals engaged in
the design or review of stormwater management plans. I joined the short
course teaching staff in 1984, and many attendees would ask me to recom-
mend a single reference that includes basic coverage of hydraulic and hydro-
logic methods in stormwater design. I was not aware of any single book that

xi



xii PREFACE

would fill the need. For the short course, notes in a three-ring binder were
prepared and distributed to the attendees as their stormwater reference. These
notes were developed by various graduate students and faculty at Penn State,
and I developed four or five of the sections over the years. In time, accu-
mulation of the sections that I wrote created the foundation for part of this
book, mainly the hydrology chapters.

In Pennsylvania, Maryland, and a few other states, surveyors and surveying
engineers are allowed, by law, to practice stormwater management design,
mainly in connection with subdivision of land for housing or commercial
development. In these states, there is a need for continuing education of sur-
veyors to gain the skills necessary to complete reasonable stormwater design
with accepted hydraulic and hydrologic methods. To fill this need, I, and my
mentor and colleague Gert Aron, developed a set of workshops to cover basic
hydraulics and hydrology for surveyors engaged in land development design.
The workshops also serve as an exam review for surveyors-in-training who
are getting ready to sit for their registration exam. The workshops have been
offered over the past 15 years at the Pennsylvania Society of Land Surveyors
State Conference, held annually in Hershey, PA. Notes developed for use in
this workshop have served as the framework for several parts of this book,
mainly the fluid mechanics and hydraulics chapters.

In 1996, I became a faculty member in the Surveying Program, College of
Engineering, at Penn State University, Wilkes-Barre campus. One of my im-
mediate duties was to create a course in stormwater management that would
be appropriate for baccalaureate surveying graduates who intended to practice
surveying in Pennsylvania. A three credit elective course was developed in
1997, and after two modifications, it evolved into a three credit course that
contains fifteen weeks of instruction, with the first five weeks focusing on
fluid mechanics and hydraulics, the next seven weeks focusing on hydrologic
methods, and the last three weeks focusing on stormwater design. I knew that
a good textbook for this course was not available, so I began to write a
textbook in the Fall of 1998. During each course offering I would try to write
a new chapter, and use the draft chapters as a class reference. After a few
years of this approach, I had five chapters written, with about seven to go.
The following year I was awarded a sabbatical, and during the sabbatical
year, | finished the manuscript.

This book covers common methods used in stormwater design for quantity
control. The book does not cover design for other stormwater topics such as
water quality, groundwater recharge, and stream bank erosion. The original
outline of topics for this book did include chapters on innovative methods in
stormwater management and stormwater design with best management prac-
tices. Unfortunately, these chapters were dropped as the deadline for the man-
uscript approached. This kept the entire focus of the book on stormwater
quantity claculations, which is probably for the better. If inspiration and time
come my way, a companion text may be written dealing with these other
issues. For now, I plan to concentrate on maintaining and improving this text.
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As with any first publication of a technical book, it has been my experience
that, even with the closest checking and double checking, some errors will
most likely exist in the printed manuscript. As the author, I am responsible
for these errors. Questions about the text and possible errata should be di-
rected to me. Example problems have been checked for numerical accuracy,
yet it is difficult to discover all errors. Hopefully, the context of a concept
will be clear enough such that errors will not impede the understanding of a
concept, but simply cause the reader to examine the topic a bit closer.

THOMAS A. SEYBERT

Wilkes-Barre, Pennsylvania
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CHAPTER 1

INTRODUCTION TO
STORMWATER MANAGEMENT
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1.2 Effect of Land Development 1 Design 4
1.3 Stormwater Design Criteria 2 1.5 Book Organization 8

1.1 INTRODUCTION

Whenever rainfall hits the surface of the Earth, one of several things will
happen. The rainfall may wet a dry surface, cling to that surface, and evap-
orate after the rainfall event ends. It may collect and be held in a surface
depression where it will infiltrate slowly into the Earth’s subsurface. It may
infiltrate directly into the soil, wetting and saturating the soil and subsurface,
eventually adding to the local groundwater supply. It also may be repelled by
a saturated soil or impervious surface and gathered to form surface runoff.
This last possibility of rainfall transforming into surface runoff is a critical
issue in land development. When land is developed, the site will respond
differently to rainfall. The change is usually dramatic, with increases in runoff
rates and runoff volumes. Stormwater management is that specialized field of
science and engineering that is applied to minimize, control, and remediate
the effects of land-use change on a watershed or land development site.

1.2 EFFECT OF LAND DEVELOPMENT

The development of land to construct industrial facilities, businesses, and
homes involves land-use change that transforms pervious surfaces of woods,

Stormwater Management for Land Development: Methods and Calculations for Quantity Control. 1
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2 INTRODUCTION TO STORMWATER MANAGEMENT

pasture, and meadow into impervious surfaces of stone, pavement, and roof-
ing. The addition of impervious area to a site changes the hydrology of that
site and the surrounding watershed. The topography of a site is almost always
disturbed to accommodate the construction of an impervious structure. Chang-
ing topography usually removes natural surface depressions in the landscape
that capture, hold, and slowly infiltrate water into the subsurface. Grading of
a site usually transforms an undulating vegetated surface into a plane imper-
vious surface or grass lawn. In either case, surface depressions are removed
and water that was once captured and infiltrated now accumulates and travels
across the landscape to a downstream point.

Natural flow paths that twist and wind across the landscape are usually
altered into linear, constant-slope paths that are changed in length and rough-
ness. The change in these flow-path characteristics affect the time required
for surface runoff to move across and through the landscape. This change in
timing directly affects runoff rates, usually increasing their magnitude and
causing an increase in the frequency of flooding.

The addition of impervious area requires a reduction in pervious area that
reduces the capacity of a site to infiltrate rainfall. When infiltration capacity
is reduced, runoff potential increases and groundwater recharge potential
decreases.

1.3 STORMWATER DESIGN CRITERIA

Since the late nineteenth century until the mid-twentieth century, stormwater
management was usually considered the successful collection and disposal of
increased surface runoff. The solution was usually a comprehensive design
of roof gutters, downspouts, swales, curbed gutters, sewer inlets, and sewer
pipes to collect, convey, and discharge surface runoff to streams, rivers, lakes,
and other water bodies in the most efficient manner possible. The central
theme of stormwater management design was to collect and transport the
runoff to a nearby body of water as quickly as possible, ridding the developed
site of the excess runoff. Little thought was given to the effects of excess
runoff and decreased infiltration on the surrounding watershed.

In the 1970s, many states recognized the need to consider the effects of
land development on downstream flooding, including local nuisance flooding
and larger-scale flood plain overflow. Regulations were put in place to control
peak runoff rates. The common regulation required the developer to release
no more runoff flow after development than was coming from the site prior
to development. The design was focused on peak flow control, which was
typically achieved through collection, detention, and slow release of surface
runoff through a regulating outlet structure.

In the 1980s, partially as a result of the National Urban Runoff Program
(U.S. EPA, 1983), more attention was placed on pollution from developed
land, with particular emphasis on nonpoint source pollution. As a result, sev-
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Figure 1.1 Channel and roadway flooding caused by upstream land development
(courtesy of F. Thornton, Darby Creek Valley Association, Delaware County, PA).

eral states and municipalities required developers to address the polluted run-
off issue. Suspended solids in runoff were identified as a primary transport
mechanism for nonpoint source pollutants such as copper, zinc, lead, nitrogen,
phosphorous, and others. Therefore, many stormwater management designs
included measures to remove sediment in runoff. The capture, detention, and
very slow release of the first flush of runoff was considered one of the most
effective measures to allow sediment in the runoff to settle out, thus reducing
the pollutant load to downstream waters.

Temperature increase in nearby streams was also brought to the attention
of land development designers. As cool fresh rainfall travels across a black,
hot, summer sunned parking lot, the water temperature can increase dramat-
ically. Even small changes in stream temperature can cause a bad environment
for fresh-water aquatic life, particularly fish. The concept of cooling runoff
through stormwater management design was thrown into the mix.

In the early 1990s to the turn of the twenty-first century, additional issues
were recognized. They included increased streambank erosion and reduced
groundwater recharge. Streambank erosion was attributed to the extended re-
lease of target design flows from flow-control facilities. Although these fa-
cilities provided some measure of flood control, they inadvertently delivered
to the downstream channel a design release rate over a longer period of time.
The design release rate was almost always at a velocity that was bank-erosive
for a longer duration than had naturally occurred before development. In
almost all regions where peak flow mitigation was required, excessive stream-
bank erosion became more prevalent. Shrinking groundwater storage levels
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Figure 1.2 A sediment forebay used to capture the first flush of runoff (courtesy of
R. Traver, Villanova Urban Stormwater Partnership, Villanova University).

in urbanized areas prompted many state and local officials to examine the
effect of land development on groundwater recharge. Obviously, if rainfall is
being converted into large amounts of surface runoff, then the amount of
infiltration must be reducing. Several states and local municipalities are now
requiring a developed site to include a design for providing groundwater re-
charge areas.

In summary, the issues that must be addressed in a stormwater management
plan have changed over the past half century, as illustrated in Table 1.1. Mere
collection and disposal of runoff has transformed into runoff collection with
peak flow control, volume control, groundwater recharge, water quality treat-
ment, downstream channel protection, or a combination of these. A good
stormwater management plan will address all of these issues through a com-
prehensive design.

1.4 COMPREHENSIVE AND INNOVATIVE DESIGN

To develop a better stormwater management plan, the prospective site must
be evaluated prior to the design of roadways, lots, building locations, and
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Figure 1.3 Stream bank erosion caused by upstream stormwater detention facilities
(courtesy of Cahill Associates, West Chester, PA).

other development features. Preservation of natural vegetation, reduction of
impervious areas, and protection of high-infiltration soils are just some of the
elements of stormwater design that should be considered prior to the selection
and design of management structures.

Very early in the planning and design process, the site should be examined
to identify the constraints and opportunities for smart design. Constraints may

Figure 1.4 Groundwater recharge through an infiltration trench (courtesy of P.
DeBarry, Borton-Lawson Engineering, Wilkes-Barre, PA).
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TABLE 1.1 Progressive Change in Stormwater Design Issues during the Past
Half Century

Approximate Timeline

Stormwater Design Issue Pre-1970 1975 1985 1995 2000
Flooding within project site X X X X X
Flooding outside project site X X X X
Surface water quality X X X
Temperature X X X
Groundwater recharge X X
Stream bank erosion X

include poorly drained soils, steep slopes, unstable soils, shallow soils, high
water table, wetlands, riparian buffer zones, utility easements, and certain
property covenants. Opportunities may be well-drained soils, wooded areas,
panoramic views, surface water ponds, and old hedge rows. Old structures of
historical significance, such as a one-room schoolhouse, stone barn, field-
stone walls, covered bridge, stone arch bridge, and well-maintained farm
buildings, can also be used as land development opportunities.

During the evaluation process some constraints might be turned into op-
portunities. Riparian buffers can be used to the advantage of the development
if the buffer zone is maintained and utilized for walking paths, observation
points, park benches, and other parklike facilities. Wetlands can be protected
and still used to enhance property value if development is worked around the
wetland area and the wetland is highlighted as a natural area within the de-
velopment. The perimeter of a small cluster of woods might be used as the
back lot lines of a circle of several homes, and preserved as a community
asset and natural area.

Beyond opportunities and constraints, conservation design should be used.
These methods are anything that reduces disturbed areas, protects streams and
natural drainage paths, and minimizes impervious cover. Example methods
are open space design and cluster housing. Figure 1.5 shows a developed site
maintaining open (green) space and protecting the natural drainage paths. This
type of design reduces the impact of development on the site hydrology. There
are other methods that can be used, many of which are mentioned in several
state stormwater management manuals, including those of New York, Mary-
land, Virginia, and Georgia.

For the developer, this design approach may be more costly in terms of
engineering fees, yet in the end, a cleverly designed plan that takes advantage
of site opportunities and utilizes open space design can reduce surface area
needed for an expansive detention facility. This will, in turn, open up space
for other use, such as additional building lots or conservation space that will
enhance the market value of the developed property.
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Figure 1.5 Open space design is used to reduce the effect of development (courtesy
of Atlanta Regional Commission).

The worst approach to stormwater design is to think solely in terms of
maximum number of postage-stamp lots that can fit into a property, with the
stormwater management design treated as a last-minute addition to the design.
In this approach, integration of the opportunities available to assist in mini-
mizing the negative impact of the development is usually lost. The stormwater
plan is typically reduced to an uninspired design of concrete curb gutters,
inlets, pipes, and a pond stuck in the lowest corner of the site. Admittedly,
detention facilities are difficult to avoid in stormwater design, and almost
always necessary. Curb gutters are often required, with no option for the
designer. Yet, if stormwater management is a first priority in the design proc-
ess, the size of a detention pond can be reduced, and the negative effect of
necessary conventional development structures like curb gutters and detention
ponds can be minimized.

Sometimes innovative stormwater design is not readily accepted by coun-
ties or municipalities because the review agency is simply not familiar with
the design benefits and new design methods. In the creation of any stormwater
management plan, it is almost always beneficial to the designer and the review
agency to have a preliminary meeting, very early in the design process, with
the reviewer to discuss a general stormwater management scheme for the site.
At this time, innovative methods can be presented, with expected benefits and
design methods explained. Many times, a conversation like this will make the
entire design and approval process much simpler.
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Figure 1.6 A retention basin in a professional office park (courtesy of S. Brown,
Penn State University).

1.5 BOOK ORGANIZATION

The impacts of development are mitigated in some way through structural
devices or nonstructural land use practices. In all cases, the selection and
design of these structures or practices are based on the estimation of surface
runoff rates and volumes for the pre-development and post-development site
conditions. Methods for analyzing flow rates and depths across the landscape
are necessary. Sizing of conveyance structures and storage facilities is almost
always necessary. Therefore, a fundamental understanding of surface hydrol-
ogy, fluid flow, and methods to model both are necessary.

To support quantity calculations used in stormwater design, this book is
organized into three groups of chapters, providing coverage of: (1) basic fluid
mechanics, (2) fundamental surface hydrology, and (3) stormwater design
methods, with all three sections geared toward stormwater management de-
sign for land development.

The first group includes chapters 2 through 4, which deal with fundamental
methods in fluid mechanics. Chapter 2 deals with basic fluid properties and
the analysis of fluids at rest, including static pressure and forces on submerged
surfaces. Chapter 3 includes methods used to analyze fluid that is moving in
a closed flow system. Chapter 4 covers fundamental methods of hydraulic
analysis used in open channel flow. The material provides general fluid me-
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chanics knowledge and a foundation for the design of conveyance structures
in a typical stormwater management plan.

The second group includes chapters 5 through 10, which present hydro-
logic topics that are directly related to stormwater quantity control. Chapter 5
covers the hydrologic cycle and the hydrologic characteristics of watersheds
that are important to standard stormwater calculations. Chapter 6 gives an
overview of rainfall, providing data sources for design rainfall and methods
to create design storms. Chapter 7 covers watershed time of concentration,
presenting several methods and illustrating the most popular methods used.
Chapter 8 presents the common runoff depth and peak flow estimation meth-
ods used in stormwater design, namely the NRCS and Rational methods.
Chapter 9 explains fundamental concepts in hydrographs, including the unit
hydrograph. This is followed with an explanation of the NRCS unit hydro-
graph and Rational hydrograph methods. Finally, Chapter 10 covers funda-
mental routing methods used for channel and detention basin routing.

The third group includes chapters 11 and 12, which covers procedures used
to design stormwater management structures for collection, conveyance, stor-
age, and release of surface runoff. Chapter 11 deals mainly with the analysis
and design of swales, channels, pipes, and culverts. Chapter 12 deals specif-
ically with the sizing of detention facilities and the design of multiple-stage
outlet structures.

There are many other topics that must be addressed in stormwater man-
agement. This book, however, is intended to cover the most common com-
putational methods for stormwater runoff estimation and analysis that
supports stormwater management. Other chapters may be added in future
editions of this text to address other elements of stormwater design.
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FLUID PROPERTIES AND
BASIC STATICS

2.1 Introduction 11 2.5.1 Flat Horizontal
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2.5 Forces on Submerged
Objects 26

2.1 INTRODUCTION

Fluids can be managed and engineered to perform many tasks. The hydraulic
brake system in an automobile uses an oil-based fluid to transform a force
applied on the brake pedal into a force applied through the brake pads and
rotors, which slows the automobile. A forced-air heating and cooling system
is used to distribute, through a blower and ductwork, warm or cool air gen-
erated by a heat pump to various locations in the building. Both of these
examples illustrate the manipulation of a fluid to perform a certain task. Man-
aging the volume, rate, and flow-path of surface water runoff on a land de-
velopment site is no different. Sometimes we wish to divert runoff away from
a building. Sometimes we must contain runoff in a structure, hold it for a
while, and release it later at a slower rate. We may wish to protect a road
from flooding at a stream crossing, so we must determine a correct pipe size
to handle the expected stream flow. All of these tasks require some type of

Stormwater Management for Land Development: Methods and Calculations for Quantity Control. 11
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12 FLUID PROPERTIES AND BASIC STATICS

fluid-flow calculation and engineering design. Therefore, a fundamental un-
derstanding of water as a stationary or flowing fluid is important to support
good stormwater management calculations and design.

A fluid is a substance that easily changes form when external forces are
applied or removed. It is also a continuum—that is, a whole and continuous
substance that cannot be easily separated into parts. This property of a fluid
gives the substance some unique characteristics, which will be discussed later.
In very general terms, fluids can be categorized as either compressible or
incompressible. Gasses are compressible. They expand or contract to fill the
space available for occupancy. When you pump air into a bicycle tire, a
certain amount of air is being moved from a larger space to a smaller space.
To do this the air must compress, thus increasing the pressure inside the tire.
Examples of compressible fluids include air, steam, helium, oxygen, and
methane. Liquids are considered incompressible. When moved from one
space to another, a liquid maintains the same volume necessary for storage
in either space. If the space is too large, the container is not filled. If the
space is too small, there is an overflow. In reality, all fluids are compressible,
but in the practical range of most engineering use, liquids are incompressible.
Examples of incompressible fluids include water, gasoline, oil, antifreeze, and
milk.

The study of water flow is given the special title of hydraulics, which is
the specialized area of fluid mechanics that is used in stormwater runoff
modeling. Hydraulic flow is incompressible and much easier to model than
compressible. An ideal fluid is one that is assumed to be incompressible and
frictionless, and it is used for developing theory or demonstration. Many times
in engineering, we can treat water (stormwater) as an ideal fluid because it is
a reasonable approximation in the given application.

2.2 UNITS

Currently, metric units are seldom used in stormwater design in the United
States. Therefore, in this text U.S. customary units will be the preferred unit.
Both unit systems require unit definition for the physical quantities encoun-
tered in common fluid mechanics study. They are length, mass, force, and
time. The U.S. Customary System is a force-based system of pounds (lbs),
feet (ft), and seconds (s). The International System (SI) is a mass-based sys-
tem of kilograms (kg), meters (m), and seconds (s). Table 2.1 is a comparison
of the two systems for four fundamental physical quantities used in fluid
mechanics.

Units can be used many times to assist in the solution of a problem. Simply
knowing the units of the desired outcome may indicate the necessary inputs.
Dimensional analysis is a method in fluid mechanics devoted to simplification
of complex fluid phenomenon. It is often used in fluid mechanics experimen-
tation. Although we will not use such methods in this text, it is important to
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TABLE 2.1 Primary Units for Physical Properties in Two Systems of Units

International System U.S. Customary System
Quantity (metric) (foot)
Length meter (m) foot (ft)
Mass kilogram (kg) slug (Ib-s?/ft*)
Force Newton (N) (kg-m/s?) pound (1b)
Time second (s) second (s)

always keep track of units to make sure that they are compatible and consis-
tent with the given application. Length can be expressed in feet, but it can
also be expressed in miles (mi) or inches (in). Area, which is length squared,
can be expressed in square feet (ft*), but it can also be expressed in acres
(ac) or square miles (mi?). Table 2.2 shows some of the common units en-
countered in fluid mechanics and hydrology, with some appropriate conver-
sions. Metric units are provided as a matter of interest only. The remainder
of this book will deal almost exclusively with U.S. customary units.

Example 2.1 A pipeline that extends over a distance of 12.5 miles carries
a fluid that is known to flow at a rate of 4.5 ft/s. How many hours will it
take fluid to flow from one end of the pipe to the other?

Solution:
Time — Distance
Velocity
T = 12.5 mi X 5280 ft/mi — 407 hrs

4.5 ft/s X 3600 s/hr

In this simple example, the known units of the expected answer aid in the
solution of the problem. The distance was converted from miles to feet and
the velocity was converted from ft/s to ft/hr. The units of miles, feet, and
seconds canceled in the calculation, leaving the sole unit of hours in the final
result. Simply knowing the units of an answer aids in the solution of the
problem.

The equation used in the solution of Example 2.1 is a simple physics
relation that is dimensionally homogenous. This means that the parameters in
the equation (distance and velocity) have units that will yield a reasonable
unit for the variable (time). It is worth noting that most equations in fluid
mechanics are based on physics and thus dimensionally homogeneous. How-
ever, in stormwater management, many equations are based on statistical anal-
ysis (empirical) and are often not dimensionally homogeneous. It is very
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TABLE 2.2 Common Units and Conversions Used in Fluid Mechanics

and Hydrology

Variable U.S. Customary Units Metric Units Conversions
Distance foot (ft) 0.3048 m/ft
mile (mi) kilometer (km) 1.609 km/mi
5280 ft/mi
1000 m/km
Rainfall and inches (in) millimeters (mm) 1 in = 25.4 mm
runoff depth
Surface area feet® (ft?) meters? (m?) 1 ac = 43,560 ft2
acres (ac) hectares (ha) 1 mi*> = 640 ac
square miles (mi?) kilometers? (km?) 1 ha = 1000 m?
1 km? = 100 ha
1 ha = 2471 ac

Storage volume
(ponds and
reservoirs)

Water volume

Water weight

Flow rate, runoff
rate, and
stream flow

Rainfall rate

Pressure

feet® (ft)

acre-inch (ac-in)
acre-feet (ac-ft)
ft*/s/hr (cfs-hr)
ft*/sec/day (cfs-day)

gallons (gal)
feet® (ft?)

pounds (Ibs)

feet*/second
(ft3/s, cfs)
gallons/minute (gpm)

inches/hour (in/hr)
ft3/sec/ac (cfs/ac)

pound/inch? (psi),
feet (of water)*

meters® (m?)

meters® (m?)

kilogram-meter/

meters?/second

liters/second

millimeters/hour

kilogram/meter?

1 acre-ft = 43,560 ft
1 cfs-hr = 3600 ft?

1 cfs-hr = 1 ac-in

1 cfs-days = 2 ac-ft

1 ft* = 7.48 gal

1 gal = 3.785 1
1 gal = 834 1b

1 cfs = 2832 1/s
1 cfs = 448.8 gpm

1 in/hr = 1 cfs/ac

1 psi = 2.31 ft of
water*

*The concept of pressure expressed in the units of feet is explained in Chapter 3.
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important that students of stormwater methods be mindful of parameter units
as defined by the method, and take great care to use the appropriate units.

2.3 FLUID PROPERTIES

A few fundamental properties of fluids must be understood before beginning
any type of study on fluid flow. These properties are mass, density, specific
weight, and viscosity. There are other useful properties of fluids, but these
are the ones used most often in hydraulics.

Mass measures the ability of a body to resist motion. A body with a large
mass can resist motion better than a body with a smaller mass. Mass is related
to the weight through Newton’s second law of motion, which states that force
is equal to mass times acceleration (F = ma). In this case, the force is weight
and the acceleration is gravity, thus giving us the fundamental relation of

W = mg 2.1
where W = gravity force (weight) that acts through a body (Ib) [N]

m = mass of a body (slugs or Ib-s?/ft) [kg]
g = acceleration due to gravity (32.2 ft/s?) [9.81 m/s?]

The acceleration due to gravity, or simply gravity, is often called the grav-
itational constant. In reality, gravity varies with geographic location and is
not a constant. Yet, the variation is small enough that we do not worry about
this variation in hydraulic calculations.

Density is simply mass per unit volume and is a handy property in com-
paring motion resistance of several different substances. The relation defining
density is

p = (2.2)

<I3

where p = density (slugs/ft* or Ib-s?/ft*) [kg/m?]
m = mass of a body (slugs or 1b-s?/ft) [kg]
V = volume of a body (ft*) [m?]

The Greek letter p (rho and pronounced ‘“‘row’’) is used to represent this
property. The density of water at 34°F (4°C) is 1.94 1b-s*/ft* or 1000 kg/m?,
and these are the commonly used values. The temperature of 4°C is a tem-
perature used when defining the physical properties of water because it is the
temperature where water density is greatest. Water density decreases as tem-
perature increases, yet through the practical range of temperatures for storm-
water runoff, density varies from 1.94 at 32°F to 1.92 at 120°F. This variation
is so small that we simply neglect it.
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One might question 120°F as an upper limit on the expected range of
temperature for stormwater runoff. It has been observed that runoff from large
areas paved with asphalt during a hot summer day can reach water temper-
atures as high as 120°F. This is one of the reasons why fish usually do not
survive in a stream next to a shopping mall. Most fresh-water fish cannot
survive significant water temperature variations even for short durations.

Specific weight is similar to density. It is weight per unit volume. The
relation is

Y= (2.3)

<I|=

where y = specific weight (Ib/ft®) [kg-s*>/m]
W = weight of a body (Ib) [N]
V = volume of a body (ft*) [m?]

The Greek letter y (gamma) is used to represent this property. The specific
weight of water is commonly given as 62.4 1b/ft>. Just like density, however,
specific weight varies with temperature (62.4 at 32°F to 61.7 at 120°F). Again,
we neglect the variation because it is only about a 1% change, well within
the expected accuracy of stormwater design methods. This specific weight
tells us that if a large bucket of water weighs about 50 Ib, the bucket has a
volume capacity of less than one cubic foot. The common three-gallon bucket
holds about 0.4 ft*.

Because density and specific weight are similar, another useful relation is
available. If we take Equations 2.2 and 2.3, solve each for V, and then equate,
we will get this relation:

Y =r8 2.4

This equation relates specific weight to density (specific mass) through the
acceleration due to gravity. It is a convenient relation that is used often in
fluid mechanics.

Specific gravity is a dimensionless parameter that allows a quick compar-
ison of the density (or specific weight) of a substance to water. This can be
handy if we are concerned about flotation or certain buoyancy effects in hy-
draulic structures. Specific gravity is defined as follows:

Psubstance ’Ysubstancc
g = = 2.
8 @ 4°C @ 4°C 25)

p water ywater

where s.g. = specific gravity (no units)
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and p and vy are as defined earlier. The specific gravity of water is obviously
1.00 at 4°C. If a substance has a specific gravity less than one, then it is
lighter than water and will float. If a substance has a specific gravity greater
than one, then it is heavier than water and will sink. Specific gravity of water
does change with temperature, but like density and specific weight, it is not
a significant change.

Table 2.3 provides the average values of specific gravity, density, and spe-
cific weight for several common fluids at 68°F.

Viscosity is a fluid property that requires a bit more explanation. It is very
important in the determination of friction losses in fluid flow. Viscosity rep-
resents the ability of a fluid to resist internal motion and motion along a solid
boundary. The internal motion can also be described as relative motion be-
tween adjacent layers of fluid elements. The Greek letter w (mu, pronounced
“mew’’) is the common symbol used to represent viscosity, which is more
properly referred to as dynamic viscosity.

The concepts of shear stress are used to explain and define viscosity. The
Greek letter 7 (tau, pronounced like “cow” with a t instead of c) is used to
represent shear stress. Consider a fluid trapped between two surfaces, such as
within the space between a smaller drum inserted inside a slightly larger
drum, as shown in Figure 2.1. If we hold the outer drum stationary and rotate
the inner drum with a constant velocity in a counter-clockwise direction, we
can observe a velocity profile in the trapped fluid along line A-B, with the
stationary surface at B and the constant velocity surface at A.

The velocity of the water in the trapped space will vary between zero at
the stationary boundary B to a velocity at A equal to the velocity of the
moving boundary. If the velocity is changing along line A-B through the
different water layers in the fluid, then certain water layers must move faster
than others, and thus there is relative motion between layers in the water. If
we think of these layers as small, independent units of water rubbing against
each other as they move, then the idea of shear stress (friction) between the

TABLE 2.3 Average Values of Density, Specific Weight, and Specific Gravity
for Common Fluids at 68°F

Density Specific Weight
Substance Specific Gravity (slugs/ft®) (Ib/ft3)
Gasoline 0.680 1.32 424
Motor oil 0.887 1.72 55.3
Linseed oil 0.930 1.80 58.0
Water 1.000 1.94 62.4
Seawater 1.030 1.99 64.3
Ethylene glycol 1.100 2.13 68.6
Carbon tetrachloride 1.590 3.08 99.2

Mercury 13.54 26.2 849
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Figure 2.1 Schematic of velocity profile created by a rotating drum viscometer.

layers is easy to envision. This is a simplified explanation of what happens
in fluid flow. When velocity varies between adjacent fluid elements, frictional
resistance occurs internally. Viscosity is a measure of this frictional resistance.
It is the proportionality constant between shear stress in adjacent layers of a
fluid and the associated velocity change between those layers. This simple
relation is often used to define viscosity:

Av
T=M A_y (2.6)

where 7 = shear stress in the fluid (Ib/ft*) [kg-s?>/m]
w = dynamic viscosity, or simply viscosity (Ib-s/ft?) [N-s/m?]
Av = change in velocity between two adjacent layers (ft/s) [m/s]
Ay = change in distance between two adjacent layers (ft) [m]

From Equation 2.6 we can see that if u is large, then shear stress between
fluid elements is large. When shear stress is large, which makes viscosity
large, the fluid has a greater ability to resist movement. Thus, a fluid with a
high viscosity will flow slower than a fluid with a low viscosity in the same
flow system. This equation holds for Newtonian fluids only, meaning that the
velocity profile is linear through the flow region. For someone who works
with several types of fluids, this may be important. Some fluids are non-
Newtonian—that is, the velocity profile is not linear through the vertical pro-
file region, and in these cases, Equation 2.6 is not valid. Thankfully, water
can be considered a Newtonian fluid and the simple viscosity relation of
Equation 2.6 applies.

The dynamic viscosity of water changes significantly within the practical
range of temperature for stormwater flow, varying from 3.66 X 107
Ib-s/ft*> at 32°F to 1.14 X 1073 Ib-s/ft> at 120°F. This represents a viscosity
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variation over 200 percent. Figure 2.2 shows the variation in dynamic vis-
cosity for the temperature range of water as a liquid.

One might think that water temperature is a critical property of the fluid
when designing stormwater drainage structures. As it turns out, in drainage
design we generally use a common fluid temperature of 50°F, which gives a
viscosity of about 2.7 X 107> 1b-s/ft%. If a pipe is designed to carry a certain
flow using this value of viscosity, it will easily convey that same flow at
higher temperatures. Engineers often prefer numbers that are easy to remem-
ber, which makes the value of viscosity at 68°F (about 2 X 107°) a handy
choice. Viscosity is used in estimating friction losses in stormwater convey-
ance systems. Yet friction losses are usually minor losses in a conveyance
system, and therefore the relatively gross approximation of the value of vis-
cosity for all water temperatures is acceptable.

One stormwater management structure where viscosity can affect design
is an infiltration facility that must operate in warm and cold temperatures.
These structures experience high friction losses in the infiltration process. The
viscosity of water can reduce infiltration capacity by as much as 50 percent
for cold weather as compared to warm weather. In this case, viscosity vari-
ation is important and must be considered in the design.

It is very common in fluid mechanics equations to encounter the ratio of
viscosity over density. So, as a matter of convenience, the property of kine-
matic viscosity was created, and is simply defined as

p=£ 2.7)
p

where v = kinematic viscosity (ft*/s) [m?/s]
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Figure 2.2 Variation of dynamic viscosity of water for the temperature range of 32°F
to 212°F.
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and the other two terms are as previously defined. The Greek letter v (nu,
pronounced new) is used for kinematic viscosity. The logic behind the use of
v is that it is easier to look up one property in a table (») than it is to look
up two (w and p).

Table 2.4 provides tabulated values of specific weight, density, dynamic
viscosity, and kinematic viscosity for the liquid range of water. Note that all
properties decrease in magnitude with increasing temperature. In stormwater
management design, we usually neglect the effect of temperature on these
properties and adopt a single value for each property as design constants. The
values offered at 50°F are commonly used as these design constants. The
values presented in the 68°F row are not in strict mathematical agreement,
but they are simple to remember and sufficiently accurate for many
calculations.

2.4 PRESSURE

The study of water at rest is fluid statics. Forces and pressures exerted by
standing (static) water are important in many aspects of civil engineering
design. In stormwater design, there may be times when we are interested in
computing the force of standing water on a headwall, retaining wall, or flap
gate in an outlet structure.

Because a fluid is a continuum, it has the ability to exert pressure in all
directions. Two fundamental laws are useful in understanding fluids at rest.
First, the pressure on a very small fluid element exerted by surrounding fluid
elements is constant, that is, the pressure is uniform in all directions as illus-
trated in Figure 2.3. Second, when fluid is contained by a solid boundary, the
pressure acts perpendicular to the solid boundary, as shown in Figure 2.4.
Figures 2.3 and 2.4 summarize these two fundamental laws of fluid mechanics
called Pascal’s laws, named after Blaise Pascal, a noted seventeenth-century
mathematician.

TABLE 2.4 Four Water Properties as they Vary with Temperature

Specific Dynamic Kinematic
Temperature Weight Density Viscosity Viscosity
°F (Ib/ft?) (slugs/ft) (Ib-s/ft?, X 1079) (ft2/s, X 107°)

32 62.4 1.94 3.66 1.89
50 62.4 1.94 2.72 1.40
68* 62.4 1.94 2.00 1.00
100 62.0 1.93 1.42 0.74
150 61.2 1.90 0.89 0.47
200 60.1 1.87 0.62 0.34
212 59.8 1.86 0.59 0.32

*The values for viscosity are approximate but easily remembered.
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{-—- small fluid element

Figure 2.3 Fluid is a continuum and exerts constant pressure in all directions.

Pressure can be defined as the amount of force exerted by a fluid on a unit
area. A unit area is a convenience term, such as one square inch or one square
foot. The general relation used to express fluid pressure is

(2.8)

~
Il
2> |y

where p = pressure (Ib/ft?)
F = force (Ib)
A = area (ft?)

Equation 2.8 is a basic relation in fluid mechanics and can be used to solve
several practical problems. We can use this equation to compute specific
forces exerted by a fluid.

Example 2.2 Consider a large rectangular tank of dimensions 12 by 24 feet
at the base and 8 feet high holding 7 feet of water, as shown in Figure 2.5.
Compute the pressure exerted on the tank bottom.
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Figure 2.4 Pressure acts perpendicular to solid boundaries.




22 FLUID PROPERTIES AND BASIC STATICS

/\

y
L B
iy

24 ft 12 ft
\I/

Figure 2.5 Sketch of tank for Examples 2.2 and 2.3.
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Solution: Equation 2.8 says that pressure is force divided by area. The force
exerted on the tank bottom area is the total weight of the water in the tank.
In this case, the force is volume multiplied by specific weight. Assuming the
specific weight of water is 62.4 1b/ft?, the force would be

F = (12 ft)(24 ft)(7 ft)(62.4 1b/ft) = 125,800 1b
The bottom area of the tank is
A = 12 ft X 24 ft = 288 ft*
The pressure can be computed as

F 125,800 1b

= — = _ ‘ 1 -
L (288 ft2)(144 in?/ft?) 3.03 Ib/in

The pressure on the bottom of the tank is uniform across the entire area. Each
square inch of tank bottom is carrying 3.03 pounds of force. We can confirm
this later after examining the laws of static forces on submerged bodies, which
depend on understanding the pressure-elevation relationship of fluids at rest.
These laws also allow us to solve Example 2.2 in a simpler fashion.

2.4.1 Pressure-Elevation Relation

The static equilibrium analysis of a small fluid element can be used to show
that a change in fluid pressure is related to a change in elevation through the
simple relation of

Ap = yAz (2.9)
where Ap = change in pressure (Ib/ft?)

v = specific weight (Ib/ft%)
Az = change in elevation or height (ft)
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This formula is often written in a simpler form that drops the delta symbol
and relates pressure to fluid depth instead of elevation change:

p = vh (2.10)

where p = pressure (Ib/ft?)
h = depth of fluid (ft)

Equations 2.9 and 2.10 are applicable for fluids that are homogeneous and
at rest. Clean water is homogeneous. Sediment-laden water is not really ho-
mogeneous, yet we often analyze it as such. A thick water/sludge is nonho-
mogeneous, and in this case Equation 2.9 does not apply. Pressure is force
per unit area, as defined in Equation 2.8. The units of fluid pressure that are
commonly used include 1b/in? (psi), Ib/ft?, and inches of mercury, which can
be converted directly to a force per unit area by using Equation 2.8. If we
examine Equations 2.9 and 2.10, we can make the following observations:

+ Pressure varies linearly with depth.
+ Elements of a liquid at the same elevation must have the same pressure.

+ An increase in elevation of a body within a liquid will cause a decrease
in surrounding pressure, and vice versa.

Example 2.3 Solve Example 2.2 using Equation 2.10.

Solution: The fluid depth in the tank is 7 feet. The fluid has a specific weight
of 62.4 Ib/ft. Therefore, using Equation 2.10 we can solve for pressure:

(62.4 1b/£)(7 ft)
144 in?/fe

= 3.03 Ib/in?

The solution to Example 2.2 is quicker using Equation 2.10 as compared
to Equation 2.7. This leads us directly to one of Pascal’s notable discoveries.
Pascal proposed that pressure does not depend on fluid volume. Pressure is
driven by fluid depth, or column height. The pressure at the bottom of a one-
inch diameter vertical tube that holds 5 feet of water is the same pressure
that we should expect at the bottom of a 45-ft diameter swimming pool that
holds 5 feet of water. The volume stored above a surface does not affect the
pressure on that surface. Figure 2.6 shows the configuration of several dif-
ferent fluid containers that all experience the same pressure at the container
bottom. This observation was contrary to popular belief at the time of its
discovery, and therefore it was labeled Pascal’s paradox.
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Figure 2.6 Several containers illustrate Pascal’s paradox, with the same pressure at
the bottom.

2.4.2 Reference Pressure

Equation 2.9 gives change in pressure, so it requires a reference pressure to
get a total pressure at some point in space. Pressure can be measured with
respect to an absolute vacuum, which has pressure equal to zero. It is a
consistent reference, but it is not readily accessible. Pressure can also be
measured relative to the atmosphere, which is very accessible. However, this
reference varies with elevation and temperature. Most pressures encountered
in engineering are measured by common pressure gages that are referenced
to the atmosphere. The relationship between absolute pressure and gage pres-
sure is

pabsolute = pgz\ge + patmosphere (2 1 1)

Absolute pressure is always positive. Gage pressure can be positive or
negative. The pressure in the atmosphere is typically assumed to be 14.7
Ib/in? [101.3 kPa], with a practical variation between 13.8 and 15.3 1b/in?
(absolute). This variation in air pressure does not significantly affect pressure
calculations for water in most civil engineering design, and certainly has little
affect on stormwater management design.

Atmospheric pressure is often reported in inches (or millimeters) of mer-
cury, typically in the range of 28 to 31 inches. Mercury barometers are typ-
ically used to measure atmospheric pressure, and mercury weighs about 849
Ib/ft’. Using Equation 2.10, we can compute the pressure (Ib/in? or psi)
generated by a 30-inch column of mercury as

_ _ (849 Ib/f°)(30 in) .
= vyh = 1728 in? /0 = 14.7 Ib/in



2.4 PRESSURE 25

As always in fluid mechanics, attention must be given to consistent units.
In this case, the volume in cubic feet must be converted to volume in cubic
inches through the conversion factor of 1728 in*/ft® to get the answer in the
units of Ib/in (psi).

Meteorologists, physicists, and engineers have long adopted the short-cut
method of expressing pressure in terms of a height of fluid. The meteorologist
usually uses mercury. The civil engineer usually uses water. The mechanical
engineer often uses oil. The key thing to remember is that pressure can be
expressed in inches or feet, but it is understood that the pressure really has
units of force per unit area as illustrated in the previous calculation.

Example 2.4 Consider an open cylindrical tank that is 5 feet in diameter,
15 feet high, and holding 13 feet of water shown in Figure 2.7. The barometric
pressure surrounding the tank is reported as 28.2 inches of mercury. Deter-
mine: (a) the gage pressure (psi) at the bottom of the tank and (b) the absolute
pressure (psi) at the bottom of the tank.

Solution:

_ _ (624 1b/f)(13 ft) -
(a) pgage - YWe\terh - (144 1n3/ft3) = 5.63 Ib/in

2 .
_ B49Ib/f)(2820n) _ i o

(b) patmosphere = ’Ymercury h 1 728 in3/ft3

Pavsotute = Peage T Pammosphere = (3.63 + 13.86) Ib/in* = 19.49 1b/in’

Y 5 ft diameter, open top

}

15 ft

13 ft

i

Figure 2.7 Water tank of Examples 2.4 and 2.5.
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Example 2.5 For the tank in Example 2.4, the water depth remains 13 feet
but the atmospheric pressure changes to 31.1 inches of mercury. Determine
the absolute pressure (psi) at the bottom of the tank.

Solution:

(849 1b/ft*)(31.1 in) .
pz\tmosphcrc = ’Ymcrcury = 1728 in3/ft3 = 1528 1b/lIl2

Pabsotnie = Pgage T Pamosphere = (3.63 + 15.28) Ib/in*> = 20.91 1b/in*

Examples 2.4 and 2.5 illustrate a few things. First, keeping track of units
is important. The input parameters were given in pounds and feet. The desired
output was in pounds and inches. We had to apply the simple conversions of
ft3 to in® and ft? to in?. Also, the examples illustrate the effect of atmospheric
pressure variation on an absolute pressure. In this case, the absolute pressure
at the bottom of the tank changed (20.91 — 19.49)/19.49 X 100 = 7.3% due
to a change in atmospheric pressure. Seven percent variation is significant,
yet the two problems use values of atmospheric pressure that represent the
extreme variation that one would expect in the atmosphere. Most times this
change in absolute pressure due to atmospheric pressure variation is not sig-
nificant. If we are concerned about the structural integrity of the tank, we
must realize that the pressure difference experienced by the tank bottom and
walls is what drives the structural design. So, as long as the atmospheric
pressure surrounding the tank, at any given time, is the same on all sides, the
loading on the tank will be the same. With this in mind, gage pressure is
adequate for most engineering design purposes and, as you may suspect, we
almost always use gage pressure in civil engineering design, simply because
our design project is almost always surrounded by a uniform atmospheric
pressure. There are some special cases in closed conduit design where trapped
air in the conduit can drop below atmospheric pressure and the trapped air
may affect that analysis of flow. This is particularly true in culvert analysis
and design, which is discussed in Chapter 11.

2.5 FORCES ON SUBMERGED OBJECTS

The complete design of dams, embankments, retaining walls and other struc-
tural devices in a stormwater management plan depend on the computation
of forces due to fluid pressure, earth pressure, or a combination of both.
Rigorous structural analysis is necessary when loss of personal property and
human life due to structural failure is a concern. Such analysis is beyond the
scope of this text. However, for many stormwater structures a simple under-
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standing of the magnitude of forces experienced by the structure is often
sufficient to determine the engineering feasibility of that structure. Forces
caused by static fluid on a structure are determined by computing the pressure
on the submerged object and converting that pressure to a force. The funda-
mental pressure-elevation relation of Equations 2.9 and 2.10 is commonly
used to assist in fluid force calculations. Sophisticated fluid pressure problems
often require the use of integral calculus or finite element methods. However,
many situations can be analyzed through the use of a simple analysis of forces
and basic engineering mechanics.

2.5.1 Flat Horizontal Surfaces

The computation of hydrostatic force on flat horizontal surfaces relies directly
on the pressure relation of Equation 2.8 and pressure-elevation relation of
Equation 2.10. When water pressure acts on one side of a flat surface while
the other side of that surface is open to the atmosphere, a hydrostatic force
occurs. Often in hydraulic structures we are concerned about uplift forces.
Such is the case when water pressure is acting on the underside of a horizontal
surface while air (zero pressure) is in contact with the upper side of the same
horizontal surface. A simple computation of hydrostatic uplift force is best
illustrated by example.

Example 2.6 A watertight concrete manhole as shown in Figure 2.8 is used
to change the direction of flow in a storm sewer piping network. The manhole
is 10 feet deep and is installed in a region near a wetland, where the depth
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Figure 2.8 Manhole of Example 2.6.
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to water table is 3.7 feet. The manhole is cylindrical and has an outside
diameter of 5 feet, which is constant for its entire depth. Compute the hydro-
static uplift force acting on the manhole due to the high water table.

Solution: Equation 2.8 states that force is the product of pressure and area.
The pressure acting upward on the bottom of the manhole is defined by
Equation 2.10.

p = vh = (62.4 1b/ft*)(10 — 3.7 ft) = 393 1b/ft>
The area of the bottom of the manhole is

2 2
A:ﬂ=@:19.63ft2

Thus, the force is
F = (393 1Ib/ft?)(19.63 ft?) = 7720 1b

In order for the manhole to remain stationary, the weight of the manhole
and any overburden soil above the manhole must weigh more than 7720 Ib.
In this case, a quick calculation on the volume of the reinforced concrete
manhole, with a 0.5 ft wall thickness and a standard cast-iron cover, reveals
that the manhole weighs approximately 12,000 Ib. Thus we can conclude that
the manhole will most likely not move due to the hydrostatic uplift force.

2.5.2 Vertical Rectangular Walls

Consider a simple rectangular vertical wall shown in Figure 2.9. The width
dimension of the wall is perpendicular to the sketch.

Equation 2.10 states that pressure varies linearly with depth, and therefore
we must compute a fluid pressure distribution on the submerged area before
resolving the force. We will assume atmospheric pressure to be zero and use
it as the reference pressure. The pressure acting on the wall at the air-water

||”
«— o —>

\A 4

o]

Figure 2.9 Pressure variation on a rectangular vertical wall.
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interface (point A) is zero. Thus, the pressure varies linearly (straight-line),
beginning at zero and increasing to the pressure at the bottom of the wall
(point B), which can be computed using P, = vyh, The resulting pressure
distribution on the wall is a simple triangle and the average pressure on the
wall is

_pA+pB_0+'YhB:'Y_hB

p average 2 2 2

Here, hy is defined as d in the sketch, and therefore the relation simply
becomes

vd

pavcragc = 7 (212)

We know from Equation 2.8 that F' = pA, so the force on the wall becomes

_ (X
F—<2>A (2.13)

where F' = force exerted on the wall by the fluid (Ib)
v = specific weight of the fluid (Ib/ft?)
d = depth of fluid acting against the wall (ft)
A = the surface area of the wall in contact with the fluid (ft?)

The area of the wall in contact with the water is simply the product of
depth and width. This is the simple relation used to compute the force of a
fluid on a vertical rectangular wall. The average pressure calculation uses a
triangular-shaped prism, as shown in Figure 2.10, which assumes a rectan-
gular wall. If the wall is not rectangular in shape, then this equation is not
valid.

Equation 2.13 gives us the magnitude of the force exerted on the wall, but
it is also important to know the point of application of this force and its line

Figure 2.10 Pressure prism for a rectangular vertical wall.
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of action. Pascal’s laws tell us that the force must act perpendicular to solid
boundaries, so the line of action must be perpendicular to the wall. The point
of application turns out to be through the centroid of the pressure prism (also
known as the center of pressure) acting on the wall. For vertical rectangular
walls, the centroid of the pressure prism occurs at d/3 from the bottom of
the wall, measured along the vertical as shown in Figure 2.11 (point C). In
summary, the force due to fluid pressure, acting on a vertical rectangular wall
has three characteristics:

- The magnitude of the force is equal to ydA/2.
« The line of action is perpendicular to the wall.

- The point of application is at d/3 above the bottom of the wall, measured
along the vertical.

Example 2.7 A vertical rectangular wall that is 24 feet wide acts as a flood
prevention barrier along a street near a river. The maximum expected water
depth against the wall during flooding is 4.5 feet. Compute the force exerted
on the wall by the maximum expected water depth and also report its point
of application with respect to the bottom of the wall.

Solution: Using Equation 2.13, we have

_ (M
P (%)
P (62.4 1b/ft°)(4.5 ft)(4.5 ft)(24 ft) _
2

15,200 1b

The force acts perpendicular to the wall at a location y, measured from the
bottom of the wall:

4.5 ft
=——=15ft
3 5

d
3

— Q. —Pp

4l

dr3 <

s

Figure 2.11 Resultant force on a submerged vertical wall.
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The computed force would act 1.5 feet from the bottom of the wall, and since
the wall is rectangular and horizontally symmetrical, the force would act at
the mid-width location, or 12 feet from either end of the wall. More often,
structural engineers express uniform loading in terms of a unit foot when the
structure is prismatic—that is, it is uniform in cross-section for the full length
of the wall. In this example, the load on the wall per foot is

F 3 <15,200 1b

- > — 633 Ib/ft

2.5.3 Other Submerged Areas

The vertical rectangular wall is a special case of a more general solution for
forces on submerged areas. As submerged areas become more irregular and
complex in orientation and design, so do the methods of analysis. Ultimately,
the methods of integral calculus will solve most problems of force on a sub-
merged area. Such topics are beyond the objective of this text. However, to
understand the limitations of the methods presented here, a broader under-
standing of the topic is valuable. The coverage of these topics can be found
in any good engineering fluid mechanics textbook, such as Street et al. (1996).
Mott (2006) has a practically oriented treatment of the topic for submerged
plane areas and curved surfaces.

2.6 BUOYANT FORCE

The methods of computing forces on submerged areas can be used to deter-
mine the hydrostatic uplift force on a submerged object. This hydrostatic
uplift force is commonly called the buoyant force. Buoyant force can be
computed by the following relation:

F, = vV, (2.14)
where F,, = buoyant force (Ib)

v; = specific weight of the fluid (Ib/ft%)
V, = volume displaced by the immersed body (ft*)

This simple relation can be used to compute approximate uplift forces on
buried stormwater structures, such as pipes, tanks, and catch basins that are
installed in areas with a high water table.

Example 2.8 For the manhole of Example 2.6, compute the uplift force by
using Equation 2.14.
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Solution: The water displacement volume of the manhole is

= 123.7 ft}

ft)?
V, = (10 — 3.7 fo) #

And the buoyant force is

F, = vV, = (624 1b/*)(123.7 ft*) = 7720 1b

The buoyant force equation gives the same result as the solution in Ex-
ample 2.6, and it is a bit simpler to solve. Either method is acceptable here,
but in problems where geometry is more complex, the buoyant force equation
may be easier to use.

PROBLEMS

2.1

2.2

23

24

2.5

2.6

A newly constructed wet detention pond has a storage capacity of 3.5
ac-ft. The contractor decides to fill the pond by drawing water from a
nearby stream using a pump. The pump delivers water at a constant
rate of 400 gpm. How many hours will it take to fill the pond using
this pump?

In kinematics, the distance traveled by a body starting from rest can
be expressed by the relation d = Y2af?, where a is acceleration and ¢
is time. A tractor-trailer is observed moving up a long, gradually in-
clined mountain road starting from rest. It travels 2.7 miles in 7.8
minutes. Assume the vehicle acceleration is constant during the entire
time of observation. Determine the acceleration in ft/s*> and in mi/
hr/s.

Gasoline has a specific gravity of 0.680. If the gasoline tank of a pickup
truck holds 30 gallons, how much weight is added to the truck with a
full tank versus an empty tank?

A three-gallon bucket weighing 0.5 of a pound is filled with a liquid.
The bucket with liquid weighs 22.7 pounds. Determine the specific
weight and specific gravity of the liquid. Is the liquid lighter or heavier
than water? Based on this information, what is your best guess as to
the identity of the liquid?

Consider the viscosity of water. Which will pour down a sink drain
quicker: 2 gallons of boiling hot water (210°F) or 2 gallons of ice cold
water (35°F)? Explain your answer.

A cylindrical tank on a firetruck is 14 feet long and has a 6-foot di-
ameter. Determine the storage capacity of the tank in gallons and the
weight of the water in a full tank, in tons.
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Figure 2.12 Cylindrical tank of Problem 2.10.

If the atmospheric pressure is reported to be 27.8 inches of mercury
(s.g. = 13.6), what is the atmospheric pressure in psi? Is this high,
average, or low in terms of atmospheric pressure?

A rectangular concrete box inlet has the outside dimensions of 3.0 feet
wide, 5.0 feet long, and 7.5 feet deep. It is placed flush with grade in
a soil that has a high water table. At its extreme condition the water
table is only 2.0 feet from the soil surface. Compute the uplift force
(buoyant force) on this concrete box due to this high water table.

If the walls and bottom of the concrete box inlet in Problem 2.8 are 6
inches thick, determine if the uplift force will cause the box to move
upward. Assume reinforced concrete weighs 150 Ib/ft’. Assume the
box is covered with a metal grate that weights 150 Ibs.

An empty cylindrical steel tank (Figure 2.12) has a diameter of 6 feet
and length of 30 feet. It is placed in a river on its side and is observed
to float in the water with a draft of about 3.0 feet. Determine:

a. The weight of the tank, assuming that the buoyant force equals the
tank weight.

b. The wall thickness of the tank if steel has a specific weight of 490
Ib/ft3.
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3.1 INTRODUCTION

Fluid flow is the study of fluid in motion, which is also called fluid dynamics.
Dynamics is commonly broken into two parts: kinematics and kinetics. Kin-
ematics is the part of dynamics that deals with distance, velocity, acceleration,
and time. Kinematics does not answer the question of why the motion occurs,
but instead describes the motion of the body in terms of translation and ro-
tation. Kinetics, by contrast, is that part of science that deals with the effect
of forces on a body. Kinetics deals with force, mass, and acceleration. The
methods presented here are related to both kinematics and kinetics.

There are three fundamental conservation methods used in fluid mechanics:
mass, energy, and momentum. In this text, we will investigate only mass and
energy methods, although momentum methods are useful in some specialized
applications in stormwater design. Conservation of mass is a kinematic rela-

34 Stormwater Management for Land Development: Methods and Calculations for Quantity Control.
Thomas A. Seybert © 2006 John Wiley & Sons, Inc. ISBN: 978-0-471-72177-2
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tionship and conservation of energy is a kinetic relationship. Understanding
these two basic conservation methods is necessary for understanding and an-
alyzing fluid flow in stormwater management structures.

There are two basic types of fluid flow, namely pressure flow and open
channel (gravity) flow. Pressure flow typically occurs in closed conduits, such
as a pipe or culvert that is flowing at full capacity. Pressure flow requires the
flowing fluid to exert some fluid pressure on all boundaries of the closed
conduit and has the defining parameters of pressure, area, velocity, elevation,
and energy loss. Open channel flow, also known as free surface flow, occurs
in open conduits or channels such as a river, stream, swale, curb gutter, or
ditch. Closed conduits such as pipes and culverts that flow partially full are
also classified as open channel flow. The presence of a free surface (air to
water interface) within the conduit establishes the condition of open channel
flow in any conveyance structure.

In stormwater management design, open channel flow is the most common
type of flow encountered. Overland flow, gutter flow, swale flow, some pipe
flow and all stream flow (natural channel or man-made) is a form of open
channel flow. Pressure flow can exist in storm sewers and culverts. Outlet
structures for detention ponds are mostly pressure flow devices.

3.2 FLOW RATE

Before discussing conservation of mass or energy, the concept of flow rate
must be understood. Flow rate is a means of quantifying the movement of
fluids with respect to time. In fluid mechanics, there are three fundamental
flow rates that can be used, based on the way the fluid is measured—volume,
mass, or weight. These three flow rates, with equations and units, are sum-
marized in Table 3.1.

In Equations 3.1 to 3.3, v is the average velocity of the fluid, A is the flow
area of the flow conduit, p is fluid density, and vy is fluid specific weight.
Volume flow rate is most often used when dealing with water. With gasses,
mass flow rate is convenient because density is more likely to change in a
compressible gas. When weight is more important than volume, as in struc-
tural design, weight flow rate is used. Note that all three flow rate equations
contain a velocity term, which is a kinematic parameter. In stormwater man-
agement and surface water flow analysis, we are always interested in the

TABLE 3.1 Three Forms of Flow Rate in Fluid Mechanics

Flow Rate U.S. Customary Units Equation
Volume ft*/s qg = vA (3.1
Mass slug/s M = pvA 3.2)

Weight Ib/s W = wA (3.3)
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volume or volume flow rate of runoff. Therefore, we use exclusively the
volume flow rate relation of Equation 3.1.

Example 3.1 Consider a 24-inch circular pipe flowing full of water. If the
velocity of flow in the pipe is 2.0 ft/s, determine (a) the volume flow rate,
(b) the mass flow rate, and (c) the weight flow rate. Assume that the pipe
inside diameter is the nominal diameter of the pipe.

Solution: The flow area of the conduit is the cross-sectional area of the 24-
inch (2-ft) diameter pipe. Thus area is computed as follows:

_7TD2_7T(2)2_ )
A= R = 3.14 ft

The volume flow rate is simply v times A or
q = vA = (2 ft/s)(3.14 ft*) = 6.28 ft*/s
The mass flow rate is the volume flow rate times the density of water.
M = pvA = pg = (1.94 slugs/ft})(6.28 ft*/s) = 12.2 slugs/s

The weight flow rate is the volume flow rate times the specific weight of
water.

W = yvA = yq = (62.4 1b/ft*)(6.28 {t*/s) = 392 1b/s

3.2.1 Steady Flow

Flow can be classified as either steady or unsteady. For volume flow analysis,
steady flow means that the flow rate does not change with time. Flow in a
garden hose connected to a common residential spigot can be considered
steady flow. As long as the spigot valve is open and we don’t touch it, the
flow is steady. Even if the garden hose is in two segments, say a -inch
segment attached to a “2-inch segment, the flow is still steady. The flow going
into the hose through the spigot at the ¥-inch end is the same as the flow
coming out of the hose at the open Y2-inch end.

Unsteady flow is flow that varies with time. During the time we open and
close the spigot to the hose, the flow is unsteady; that is, the flow is increasing
(while we open the valve) or decreasing (while we close the valve). Steady
flow is more elementary than unsteady flow. Many engineering applications
in stormwater design can be considered steady flow. The flow in a stormwater
pipe or diversion swale (ditch) is usually treated as steady flow, and the meth-
ods presented in this chapter apply. However, the design of the outlet structure
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of a detention pond is unsteady flow. As a detention pond fills during a rainfall
event, flow through the outlet structure increases with time. As a detention
pond drains after a rainfall event ends, the flow through the structure decreases
with time, usually from a maximum flow to zero. Differencing methods must
be used to model the flow through a detention facility. This method is covered
in chapters 11 and 12.

3.2.2 Uniform Flow

We can also classify flow as either uniform or nonuniform. Uniform flow
means that the flow velocity does not change with location along the flow
path. Conversely, nonuniform flow has velocity that changes as the water
travels along its flow path. Steady flow in a closed conduit that changes in
cross-sectional area from smaller size to larger size can be considered non-
uniform flow. As the flow moves from the smaller section to the larger section,
the flow velocity must decrease. This particular case is called steady-
nonuniform flow. The flow is constant, but the velocity changes. The product
of velocity and area in each section remains the same. This condition is a
good illustration of the continuity relation, which is discussed later. Steady
uniform flow is the easiest flow type to model and, thankfully, it is the flow
type most commonly assumed in many analysis and design situations in
stormwater management.

3.3 CONSERVATION OF MASS

The law of conservation of mass says that mass can neither be created nor
destroyed. In many hydraulic calculations it can be treated as a simple ac-
counting mechanism. For a control volume in a fluid-flow system, the con-
servation of mass can be written in equation form:

AS

= =—= 4
Gin = Goue = 75, (3.4

where ¢,, = flow rate into the system (ft*/s)
G = flow rate out of the system (ft*/s)
AS/Ar = change in storage in the system with respect to time (ft*/s)

The common control volume example that helps explain this relation is a
water storage tank with an inflow pipe and an outflow pipe. The inflow pipe
is providing a flow rate that is different (larger or smaller) than the outflow
pipe. Since the inflow is different than the outflow, the water volume (storage)
in the tank will change (increase or decrease) with time. Equation 3.4 can be
used to calculate the change in storage in the tank for a finite period of time.
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Example 3.2 A water storage tank shown in Figure 3.1 has water flowing
in at a constant rate of 490 gpm. At the same time, a pump is used to remove
water from the tank at an approximately constant rate of 630 gpm. What is
the change in storage in the tank over a period of 45 minutes?

Solution: Using the units of gallons and minutes:

AS

9in — Gou = E

AS = (qin - qout)At
AS = (490 gpm — 630 gpm) 45 min = (—140)(45) = —6300 gal

The negative sign indicates that the storage volume has decreased by 6300
gallons during the 45-minute period.

A common control volume in stormwater management is the detention
pond, as shown in Figure 3.2. The flow rate into the pond can be from more
than one source. Inflow can be a point source such as a pipe or culvert, or it
can be a distributed source, such as rainfall. The outflow from a control
volume is sometimes referred to as a sink. For a pond, the sink can be a point
sink, such as an outlet pipe, or it can be distributed such as infiltration through
the pond bottom. Of course, we would not want significant infiltration through
the pond embankment. That could lead to structural failure. In any case, one
must evaluate all significant sources and sinks that contribute flow into or out
of the control volume and account for them in the mass conservation relation.
The difference will result in either an increase in storage (inflow greater than
outflow) or a decrease in storage (outflow greater than inflow) in the detention
pond.

The example of a detention pond as a control volume is an interesting one,
yet it is a significant task to analyze mass conservation in a detention pond.
The relation requires ¢, and g, to be relatively constant for the duration of

Figure 3.1 Water storage tank with constant inflow and outflow.
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Rain, gi, (distributed)
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M ; ; Pipe, gou (point)
Infiltration to subsurface, g (distributed)

Figure 3.2 Sketch of a detention pond with inflows and outflows.

the time period, At. For a typical detention pond, this is true only for very
short time periods. Therefore, to use Equation 3.4, it must be solved repeti-
tively over small time intervals, using the results of a previous calculation as
input to the next calculation. In this scenario, the equation solution is referred
to as a discretized solution. The discretization process takes a nonlinear (non-
uniform) function and solves it in short time intervals, such that the nonlinear
function is approximately equal to a linear function. This method is utilized
in the channel and basin routing methods of Chapter 10.

The continuity equation is a special case of conservation of mass that
assumes the flow into the system is the same as the flow out of the system.
In this case, the change in storage in the control volume is zero and a simpler
relation applies.

qin = qoul (35)

In this simplified equation, if flow is constant in the system, we can apply
the flow rate Equation 3.1 and rewrite continuity as

VA, = VA, (3.6)

where v = average cross-sectional velocity of the fluid (ft/s)
A = cross-sectional flow area in the conveyance device (ft)

This is a handy equation when a steady flow moves from one conduit to
another, as in the case of stormwater moving from a 24-inch pipe to a 30-
inch pipe, or from a storm sewer to an open channel.

Example 3.3 Water flows in a rectangular open channel that is 4 feet wide
and lined with concrete. The flow depth is measured as 0.72 feet. The channel
changes to a second rectangular section that is 12 feet wide and is lined with
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stone rip-rap. The flow depth in the 12-foot section is 1.40 feet. If a flow rate
of 24.5 ft*/s is constant in the channel, determine the velocity in each section.

Solution: The flow area of each section is width times depth.
A, = (4 f©)(0.72 ft) = 2.88 ft?
A, = (12 ft)(1.40 ft) = 16.8 ft

The velocity in the first section is

_q 245
v, = A~ 288 8.51 ft/s
The velocity in the second section is
q 24.5
=—==——=146f
v, A~ (168) 6 ft/s

3.4 ENERGY METHODS

Fluid energy is a very important concept in fluid mechanics. Many useful
fluid motion equations are derived from energy concepts. When a fluid flows
from one location to another, it requires energy to move the fluid. The con-
servation of energy law states that energy cannot be created or destroyed, but
can change forms.

Energy methods are derived from the basic physical concept of work of a
force, which simply defined is

w=Fd (3.7)
where w = work of a force (Ib-ft)

F = applied force (Ib)
d = distance through which the force is applied (ft)

The units of work and energy are lb-ft. Some people like to flip the units
to ft-1b. Work is typically visualized as the movement of an object of some
weight (mass) through a distance. The classic example is a box of weight w
moved through a distance d. The key phrase in the definition of d in the work
equation is “‘through which.” This requires the distance of movement of the
force to be measured along the same path as the direction of the force. Thus,
for a box of weight w, the gravity force of the box is being moved. If the
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box is moved along a horizontal plane, the weight of the box performs no
work since the movement is perpendicular to the gravity force. However, if
the box is moved along a vertical plane, then the box does work and can be
computed by Equation 3.7.

In fluid mechanics, the object being moved is a fluid. Since fluid is a
continuum, it is best viewed as a small fluid element of unit weight, such as
an imaginary 1-Ib fluid element. For this reason, energy is defined in the units
of pound-foot per pound (Ib-ft/Ib) of fluid moved. For convenience the unit
of fluid energy is shortened to simply feet of fluid. It is often easier to think
of fluid energy in terms of feet (depth or height) than in terms of Ib-ft/lb
(energy units).

In fluid flow, the three major energy forms are potential energy, kinetic
energy, and static energy. They are described in terms of fluid height, also
known as energy head. The term head in this application means the height
of a water column necessary to replace an equivalent fluid pressure, as defined

by p = yh.

3.4.1 Potential Energy (Elevation Head)

Potential energy, or energy of elevation, is that energy attributed to the po-
sition of the fluid with respect to an elevation datum. It is simply defined as

h, =z (3.8)

where h, = potential energy or elevation head (ft)
z = elevation of the fluid with respect to a datum (ft)

Again, think of elevation energy as ft-lbs of energy per pound of water. If
water is moved to a higher elevation, then work is done on the water or in
simpler terms, energy has been added to the water. Therefore, as the water
element rises in elevation, it gains energy. As it drops in elevation, it loses
energy.

3.4.2 Kinetic Energy (Velocity Head)

Kinetic energy is that energy attributed to the velocity (motion) of the fluid
and is often referred to as the dynamic head or velocity head. A unit weight
(one pound) of fluid moving at velocity v has kinetic energy or velocity head,
expressed mathematically as

h, = — (3.9)
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where h, = velocity head (ft)
v = velocity of the fluid (ft/s)
g = gravitation constant (32.2 ft/s?)

Notice in this equation that the units for 4, work out to be units of length, or
feet of water.

3.4.3 Static Energy (Pressure Head)

Static energy or pressure head is a special form of potential energy and rep-
resents the amount of energy trapped in the fluid due to fluid pressure. It is
defined by rearranging the static pressure relation of Equation 2.10 to

h="> (3.10)
Y

where h, = pressure head (ft)
p = pressure of the fluid (Ib/ft?)
v = specific weight of the fluid, water (62.4 1b/ft%)

Pressure head is often simply referred to as the static head because it
represents that segment of energy that results from static pressure in the fluid.
Fluid pressure represents an ability of the fluid to do work. It exists in closed
conduit flow where pressure is exerted on all surfaces of the conduit. Like
elevation head and velocity head, static pressure head is expressed in length
units, typically feet.

3.4.4 Total Fluid Energy

To determine the total energy of a fluid element at any point in a fluid flow
system, we sum the three basic fluid energies. For a fluid element of unit
weight with pressure p, velocity v, and elevation z, the total energy E, of the
fluid element is

E=h,+ h, + h (3.11)
Substituting Equations 3.8, 3.9, and 3.10 gives

2
E=z+-—+2 (3.12)
28 v

Equation 3.12 is the basic energy relation in fluid mechanics. Its discovery
is attributed to the eighteenth-century Swiss physicist Daniel Bernoulli. It is
commonly seen in engineering practice in the rearranged form of
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2
E=24+2 4, (3.13)
Yy 28

Example 3.3 A 4-inch water pipe carries 800 gpm with a line pressure of
22 psi. The pipe is 17 feet above a local elevation datum. Determine the total
energy of the fluid in the pipe with respect to the local datum.

Solution: Using Equation 3.10,

p _ 221b/in* _ 144 in?
_P_ o .
b=y T Gaatie < e 0BT

Area is computed using simple geometry.

2 2
A, = ”f = 770'233 — 0.0872 ft?

Using the volume flow equation, velocity can be computed.

g 400 gal/min ft? min
4_ X X TR = 102 ft
AT o0g72te (748gal fe0s |02

v =

Finally, total energy is computed using Equation 3.13.

2 (102fUs?
= e T i x s e oM

h,=z=17ft

z

2

P Y =508+ 16+ 17 =694 ft
Yy 2g

B

E

Keep in mind that this energy of 69.4 feet is energy per unit weight of the
fluid. It represents 69.4 1b-ft of energy per pound of fluid moved.

3.5 BERNOULLI EQUATION

The law of the conservation of energy for fluids states that the total energy
of a given fluid element must remain constant as it moves through a flow
system. Fluids typically move from a higher energy condition to a lower
energy condition, unless the system contains a pump. To evaluate the tendency
of a fluid to move requires an investigation of total energy, which includes
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pressure, velocity, and elevation. If we decide to track an element of fluid
through a system, the law of energy conservation allows us to claim that the
total energy of the fluid element will remain constant throughout the system.
So as the fluid moves from point 1 to point 2, we can state

E -E (3.14)

v—% + (3.15)
2g = )

Py i
Yy 2

+z,=&+

This equation is commonly called the Bernoulli equation. It was derived
for an ideal fluid where the fluid experiences no losses or gains in energy
while flowing from point 1 to point 2. Such losses or gains could be due to
friction, fluid motor, turbine, heat exchanger, or pump. In practice, this equa-
tion is applicable when the losses or gains are small and therefore negligible.

Consider the fluid system shown in Figure 3.3. Water is flowing from an
elevated tank through a pipe system to another tank at a lower elevation. If
the flow is considered ideal, the conservation of energy law states that fluid
energy is the same at points 1, 2, 3, and 4. Static pressure may change,
velocity may change, and elevation may change, but the sum of these three
energy forms will not change.

Knowing that energy is conserved helps us in the solution of fluid flow
problems. We can write the Bernoulli equation between any two points in the
system as long as the flow is ideal or can be approximated by ideal flow.

Example 3.4 A 16-foot diameter water tank is 12 feet high and holds 9
feet of water. The tank is drained by a 4-inch diameter pipe, as shown in

1—2z1,p1, 01

A/2—227172, U2 3-2z3, p3,Us

\\4— Z4, P4, Uy
¥y
. [

Figure 3.3 Two tanks and pipe system.

Datum,z=0
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1 - water level
Y

4 inch dia. —p»

2 - outlet j

Figure 3.4 Tank of Example 3.4.

Figure 3.4. Assume that the flow is ideal, with no energy loss. Determine the
velocity of the water discharging from the pipe.

Solution: The free water surface is an excellent point to compute total energy
since water pressure is zero, the downward velocity is practically zero (16-
foot tank diameter is very large compared to the 4-inch diameter discharge
pipe) and the height of water above the discharge pipe is known. In this case
we can set the elevation datum through the discharge pipe centerline. If we
evaluate energy in the discharge jet, just immediately outside the pipe, we
know that pressure is zero (no solid boundaries surrounding the flow) and
elevation is zero, based on our arbitrary assignment of the elevation datum.
Thus, we can write

Py, vt
Yy 28

2
v
+zl=%+—2+z2

2g
Since p,, v,, p, and z, equal zero, the equation reduces to

v3

2g

3

Solving for v, we get

v, = V2gz, = V2 X 322 ft/s® X 9 ft = 24.1 ft/s

Example 3.5 Consider the water reservoir and piping system shown in Fig-
ure 3.5. The reservoir is open to the atmosphere and is drained by a 24-inch
diameter pipe, which eventually reduces to a 12-inch diameter jet before dis-
charging to the atmosphere. A pressure gage is attached to the 24-inch line
at point 3 as shown. If the flow is considered ideal, determine (a) the system
flow rate and (b) the pressure reading on the gage at point 3 in psi.
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[ water surface

24” dia. pipe

/— pressure gage
@

° D =
12” dia. nozzle /

Figure 3.5 Reservoir and piping system of Example 3.5.

Solution: To determine system flow, let’s determine the velocity of flow
through the 12-inch jet using points 1 and 3 in the system.

P, Ui Py, U3
Py Oy, =B By
y 2g y 2 7

At point 1, p, and v, are zero, while z; is 38 feet. At point 3, p, is zero and
Z5 is 10 feet, leaving v, as the only unknown in the equation.

v3
=—3 4
Bt = e T 1O

= V2 X 322 (38 — 10) ft = 42.5 ft/s

The area of the jet is

2 2
Ay = WfS = % = 0.785 f2

Knowing the velocity and flow area at the 12-inch jet, we can compute the
flow using

g = viA; = 425 ft/s X 0.785 f& = 33.3 ft'/s

The pressure at point 2 is the pressure in the horizontal segment of the 24-
inch pipe. We know the total energy at point 1, and we can use continuity to
compute the velocity at point 2.
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VA, = VA,
7D}
A, 4 D2
v, = 03A—2= U4 D2 = U3H§
4
12 in)
v, = (42.5 ft/sec) EZ ; Egz — 10.62 ft/s

As a matter of convenience, we can compute the velocity head at 2.

v (1062 ft/s)?

26 2xmafus M

Now we can write the Bernoulli equation from point 1 to point 2, and solve
for p,.
v

2g

vt

2

P2

&-f— +z,=—+ + 2,
Y Y

P>

B = o b/t

+ 1.75 ft + 10 ft

ft?
144 in?

p, = 62.4 Ib/f6 (38 ft — 1.75 ft — 10 ft)< ) = 114 psi

3.6 ENERGY LOSSES

Anytime fluid flow changes direction the fluid increases in turbulence. The
turbulence increase causes flow element interaction and energy loss in the
form of heat. In traditional flow systems these losses are called minor losses
and are due to valves, fittings, bends, and any other in-line apparatus that
causes flow lines in the fluid to become more irregular. Also, as the fluid
passes along the solid boundary of the flow conduit the fluid encounters con-
duit surface resistance, causing friction losses. Other losses can occur in a
fluid flow system, but in stormwater flow analysis these are the two most
important energy losses.

3.6.1 Reynolds Number

To properly analyze friction losses, the flow must be characterized as either
laminar or turbulent. In a closed conduit, fluid velocity is zero immediately
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next to the pipe wall, and maximum at the pipe center line. In laminar flow
all fluid particles follow a straight path with respect to the boundary (pipe
wall), as shown in Figure 3.6. Friction resistance is provided by viscous shear
between slower and faster fluid layers. The flow is characterized as smooth,
quiet, and usually low velocity. In turbulent flow, eddies are caused by pipe-
wall roughness. Shear between slower and faster layers and fluid particles
moving laterally in a random fashion causes additional internal flow resis-
tance. Flow lines are irregular with noisy flow.

The occurrence of laminar or turbulent flow is numerically characterized
by flow velocity, pipe diameter, and fluid viscosity through the Reynolds
number, Ny. It is computed as

N, = —F (3.16)

where N, = Reynolds number, dimensionless
D = characteristic flow dimension or pipe diameter (ft)
v = the fluid velocity (ft/s)
p = fluid density (Ib-s/ft*, slugs/ft?)
u = dynamic viscosity of the fluid (Ib-s/ft?)

Deeper study of the Reynolds number reveals that it is the dimensionless
ratio of inertia forces to viscous forces of a fluid element. The inertia force
from Newtonian mechanics is mass times acceleration. The viscous force is
fluid shear stress as defined in Equation 2.6 multiplied by shear area. When
viscous forces are greater than inertia forces the internal friction dominates
and the flow is smooth, quiet, and laminar. In simpler terms, the internal
friction forces are strong enough to maintain fluid element shape and keep
the flowing elements in order and under control. Flow lines are generally very
regular and smooth. Flow elements move in a regulated orderly fashion. When

Laminar flow — parallel flow
lines, smooth quiet flow, usually
low velocity (Ng <2000)

_-——- -
»
»
I

Turbulent flow —irregular flow
lines, noisy flow, usually medium
W to high velocity (Ng > 4000)

Figure 3.6 Characteristics of laminar and turbulent pipe flow.
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the inertia forces are greater than viscous forces, the inertia dominates internal
friction and the flow is disorderly, irregular, and turbulent. In simpler terms,
the mass of flowing water overpowers the internal friction forces’ capability
to hold the water element together. It disperses, mixing with adjacent water
elements in a semi-chaotic fashion. Flow lines criss-cross, with some local
reverse flow occurring.

The ratio of dynamic viscosity over density in Equation 3.16 can be re-
placed with kinematic viscosity to provide a more convenient form of Equa-
tion 3.16,

Ny = — (3.17)

where v = the kinematic viscosity of the fluid, ft>/sec

Flow regime tends to be laminar when N, < 2000 and turbulent when Ny
> 4000. Between these two limits the flow characterization is difficult to
determine, and this region is often called the transitional zone. For most
practical situations in surface water flow, the flow characterization is turbulent.
Therefore, the discussion of friction losses will be restricted to turbulent flow.

Example 3.6 Water is flowing at a rate of 50 gpm. The water temperature
is 50° F. Determine the Reynolds number if the water is flowing in a pipe of
(a) 48-inch diameter and (b) 8-inch diameter. Characterize each flow as lam-
inar or turbulent.

Solution: Flow is converted to units of ft/s, areas are computed in units of
ft?, and velocities are determined using the volume flow equation.

1 ft3/s
= X —— = (). 3
g = 50 gpm 4488 gpm 0.111 f°/s
4 ft)? 667 ft)?
Ay, = w% — 125712, A, = w% = 0.349 f?

0.111 ft3/sec

_4q _ _
Ve =3 ras7re - 000883 MU

_gq _0.111 ft’/sec
Vg = A, = T30 3.18 ft/s

Reynolds number for the 48-inch pipe is
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_vDy  (0.00883 ft/s) (4 ft)
Neas = v 14x10° /s 2523

The flow in the 48-inch pipe is in the transitional zone and cannot be cate-
gorized as laminar or turbulent.
Reynolds number for the 8-inch pipe is

veDy  3.18 ft/s X 0.667 ft
v 1.4 X 107 £€/s

Nes = — 151,500

The flow in the 8-inch pipe is turbulent.

This example illustrates the rarity of laminar flow occurring in typical water
flow. A flow velocity of 0.00883 ft/s, which is practically crawling, was not
laminar flow.

3.6.2 Friction Losses

The head loss due to friction in a given length L of pipe can be computed by
the Darcy—Weisbach equation:

hy=f =~ (3.18)

where h, = head loss due to friction (ft)
f = friction factor
L = length of pipe (ft)
D = pipe diameter (ft)
v = fluid velocity (ft/s)
g = gravitational constant (ft/s?)

In this equation, the friction factor f is determined through a chart called
the Moody Diagram, using the Reynolds number Ny and the relative rough-
ness of the pipe. Relative roughness of the pipe is defined as the ratio of the
pipe roughness ¢ to the pipe diameter D. Pipe roughness is a property of the
pipe material and commonly provided by the pipe manufacturer. Typical val-
ues of pipe roughness are shown in Table 3.2 and the Moody diagram is
shown in Figure 3.7 and Appendix D.

Equation 3.18 is sufficient to determine (1) friction loss over a given pipe
length for a given flow rate, (2) the flow rate through a pipe, or (3) the pipe
diameter necessary to carry a given flow rate. Each problem type has a dif-
ferent solution approach. Three examples are provided to illustrate th