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Preface

This book was written to show the application of spreadsheets to solve civil
engineering problems related to the general area of water resources. The four
areas covered are (1) fluid mechanics, (2) hydraulics, (3) hydrology, and
(4) stormwater management (or urban hydrology). The purpose of the book
is not to replace standard textbooks on fluid mechanics, hydraulics, hydrology,
or stormwater management, but to demonstrate how the learning process can be
enhanced with the help of spreadsheets. In fact, the book was written with the
assumption that readers are at least somewhat knowledgeable in the areas of
water resources engineering. For example, it is expected that the reader already
has been exposed to concepts such as major and minor losses in pipes and
reservoir routing and the continuity, momentum, and energy equations. There-
fore, the book does not provide lengthy explanations or derivations of equations
but does provide general background information in the four chapters and
specific background information within each example description. To develop a
deeper understanding of the material covered in this book, you are encouraged
to read some of the books listed in the Bibliography.

Most lecturers adopt a two-stage technique when presenting material to stu-
dents. Background information, important theoretical concepts, and equations
are presented in the first stage, usually followed by a second stage in which
example problems are solved to illustrate the applications of the material
presented in Stage 1. This book is written for readers who have completed
Stage 1 and are in Stage 2. Professors can use the material and examples
presented in this book to enhance their lecture material and provide more
examples to students.

Both students and professionals will find the book useful for these reasons:

• The book provides a large spectrum of examples, from easy to difficult, to
explain key fundamentals, analyses, and engineering design.

• All examples are solved with the help of spreadsheets, and readers will have
access to these spreadsheets.

• Background information is provided before each section to discuss the
theory and equations covered in the examples.

• Background information is also provided within each problem to emphasize
some key points regarding the example.

• Where needed, key assumptions are provided within each example.
• All key equations needed to solve the problem are provided.
• A solution procedure is provided within each example. In some problems,

readers are led through the thinking process needed to come up with an
adequate solution procedure (e.g., Examples 1-12 to 1-18).

• Students, and even professors, can benefit from the “what-if” analysis
associated with every problem. The “what-if” analysis provides an in-depth
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understanding of the problem being examined and can be easily conducted
with the help of the spreadsheets.

• The trial-and-error solution procedures adopted in this book best utilize the
strength of the spreadsheets and show how even complex solutions can be
easily solved using spreadsheets without excessive equation manipulation.

• Trial-and-error solutions are iterative by nature. For the sake of providing
clarity, most spreadsheets show solutions where the iterations are done
manually until conversion occurs. However, spreadsheet features Goal Seek
and Circulation Cells are utilized in some problems to demonstrate how these
features can lead to instantaneous conversion.

• Another spreadsheet feature known as “trendlines” is used in several pro-
blems. Using trendline equations avoids the tedious task of interpolation
while maintaining accuracy. Use of trendline equations goes well with trial-
and-error solutions.

• “Assigned” problems are provided in most examples. Readers will have to
create new spreadsheets for some of the assigned problems, and this
exercise will enhance their understanding of the material.

• If used in the correct way, this book can be an excellent preparation tool for
the fundamentals of engineering (FE) and professional engineering (PE)
exams.

Finally, all readers, especially students, are strongly encouraged to work the
assigned problems that follow most examples. You will require a thorough
understanding of the principles and equations to find solutions. You will need to
think through the solution process and create new spreadsheets; simply cutting
and pasting the spreadsheets provided in this book will not work. Your
knowledge will be greatly enhanced if you try to do all the assigned problems.

As a side note, in Excel, the terms Sinα, Cosα, etc., are calculated by substituting
the angle α in radians. An easy way to convert degrees to radians in Excel is by
using the radians formula. Alternatively, you can convert degrees into radians by
simply multiplying the angle by π/180.

x Preface
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Fluid Mechanics
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Background

This chapter covers two important aspects of fluid mechanics: calculation of
forces applied by a fluid on an object (Problems 1-2 through 1-6) and flow
through pipe networks (Problems 1-7 through 1-18). A brief background is
provided for the material covered in these two areas.

Force Calculations in Fluid Mechanics

Surface and Body Forces

All civil engineers should be clear about the concepts of “surface” and “body”
forces. When two objects are in contact, theymust apply a force on one another.
These forces are called “contact” or “surface” forces. For example, in Fig. 1-1,
the fluid is in contact with a rectangular and a triangular door, whereas
in Figs. 1-2 and 1-3, it is in contact with the inside of a pipe and the outside
of a building. Therefore, the fluid must apply a force on the doors, the pipe, and
the building, and these three objects must apply an equal and opposite force on
the fluid. The only exception is when engineers are trying to evaluate a limiting
situation. In this case, the engineer can make an assumption that the two objects
are “just” touching, which implies that they are in contact but not applying a
force on one another. As opposed to surface forces, “body” forces are forces that
can be applied to an object without contact. Two good examples of a body force
are the gravitational force (weight) and the magnetic force.

Fig. 1-1 Fluid inside a confined container (no flow or static
condition)

A 

B

C 

D

Fluid 

w 

G

E

F

Fig. 1-2 Fluid flow in a pipe (internal flow)

Inflow Outflow

Fluid Mechanics 3
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Distributed and Resultant (Point) Forces in a Static Fluid

The contact force applied by fluids is a distributed force as shown in Fig. 1-4. The
pressure (or force per unit area) distribution on the rectangular door of Fig. 1-1
is shown in Fig. 1-4. A figure showing the pressure distribution on an area is
known as a “pressure prism.” Thus, Fig. 1-4 depicts the pressure prism on the
rectangular door of Fig. 1-1. The distributed force is usually converted to a single
resultant (point) force for convenience, and this force is shown as R in Fig. 1-4.
Both the distributed force and the resultant force always act perpendicular to
the plane of the object in static fluids. When the fluid is water, the applied
resultant force is known as a “hydrostatic force.” The magnitude of the resultant
concentrated force can be determined by several methods, and two methods are
described in Problem 1-2. The point where the resultant concentrated force
applies on the surface area is known as the center of pressure, and the method
for computing the location of the center of pressure is described in Problem 1-3.
As shown in Fig. 1-4, the center of pressure is always below the centroid, C, of the
submerged object, which in this case is the door, unless the submerged object is
horizontal.

Internal and External Forces

The methods and equations used to determine the contact force applied by a
static fluid on an object will not work when the fluid is “flowing.” Fluid flowing in
a restricted space, such as flow inside a conduit, is classified as “internal flow.”
The force applied by the fluid on the pipe of Fig. 1-2 will be termed an “internal

Fig. 1-3 Fluid flow around a building (external flow)

Inflow Outflow Building 

Fig. 1-4 Pressure distribution (pressure prism) on surface ABCD of
Fig. 1-1

A 

B 

D 

C 
cp

c 

R
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force,” as the fluid is confined by a pipe. External flows are defined when there
are no spatial constraints on a fluid. The fluid flow around the building in Fig. 1-3
will be classified as “external flow,” and the force applied by the fluid on the
outer walls of the building will be termed as an “external force.” The equations
used to calculate contact forces when the fluid is static cannot be used when the
fluid is “flowing.” Under static conditions, the force applied by a fluid on an
object depends only on the static pressure distribution. However, when the fluid
is flowing, as in internal and external flows, the force applied by the fluid
depends on both the static and dynamic pressure distribution.

Calculation of Internal and External Forces

The equation used to calculate internal forces is the “momentum equation.”
Basically, the momentum equation states that external applied force on an
object is equal to the rate of change of momentum. The momentum equation is a
vector equation that can be transformed to three scalar equations in the x, y, and
z directions, and the scalar equations typically are used to calculate the internal
forces. The external forces can be calculated by the momentum equation and the
drag force equation. Use of the drag force equation requires the estimation of the
drag coefficient, CD. The value of CD depends on the Reynolds number (Re) and
on the shape of the object on which the force is being exerted. The value of CD

can be read from Fig. 1-5. The drag force equation can be used under the
following conditions: (a) the submerged object is stationary and the fluid is
moving, such as air flow around a house; (b) the submerged object is moving and
the fluid is stationary, such as a moving car when the surrounding air is

Fig. 1-5 Drag coefficients for spheres, disks, and cylinders
(© National Council of Examiners for Engineering and Surveying.
Reproduced with permission.)

Fluid Mechanics 5
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stationary; or (c) the submerged object and the fluid are both moving, such as a
moving car in a headwind.

Problems 1-1 through 1-6

Problems 1-1 to 1-6 provide examples of how to calculate forces applied by fluids
under no flow (static), internal, and external flow conditions.

General Background for Flow in Pressure Pipes

Pipes flowing full are known as pressure pipes. A brief background of flow
through pressure pipes is provided here, as Problems 1-7 through 1-18 are all
related to this type of flow. The reader is referred to any standard textbook in
fluid mechanics for more detailed information.

Mechanical Energy (ME)

Fig. 1-6 shows water flowing in a section of a pipe. At any point A in the pipe, the
mechanical energy per unit weight of fluid, EA, is given as

EA = pA=γ+V2
A=ð2gÞ+ zA (1-1)

where pA and VA are the respective pressure and velocity at A, zA is the elevation
of Point A from an arbitrary datum, γ is the specific weight of the fluid, and g is
the acceleration due to gravity. The terms p=γ, V2=ð2gÞ, and z represent the
pressure energy, kinetic energy, and potential energy per unit weight of the fluid.
Engineers find it convenient to represent mechanical energy as mechanical
energy per unit weight of the fluid, because energy per unit weight has

Fig. 1-6 Conversion of any point in a pipe system to a hypothetical
reservoir

Hypothetical 
Reservoir 

EGL 

Piezometer

A

HGL

Datum

Z

Z
A

E
A

H
A
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convenient units of length. For convenience, the mechanical energy per unit
weight from here on will be simply termed as mechanical energy (ME).

As shown in Fig. 1-6, the energy grade line (EGL) represents the mechanical
energy at any point in the system from the selected datum. If one installs a
piezometer in the pipe, as shown in Fig. 1-6, the water will rise to some level in
the piezometer. The level to which water rises indicates the hydraulic head, HA,
at Point A and also indicates the location of the hydraulic grade line (HGL). The
hydraulic head at any point A is given by

HA = pA=γ+ zA (1-2)

Thus, the difference between the EGL and HGL is V2
A=ð2gÞ.

Reservoirs

Under steady state conditions, the velocity inside the reservoir is zero. There-
fore, the ME at any location in a reservoir is given as

E= p=γ+ z (1-3)

Because the gauge pressure at the surface of a reservoir is zero, E at any point on
the surface of a reservoir can be determined as

E= z (1-4)

Any location in the water distribution system can be converted into a
hypothetical “reservoir.” For example, Point A in Fig. 1-6 can be converted
to a hypothetical reservoir that has an elevation Z. A reservoir can represent a
fire hydrant, a city, a pump station, or a water treatment plant. Converting
certain points of a water distribution system, such as pump stations or water
treatment plants, into “reservoirs” sometimes simplifies analyzing the
problem.

Major and Minor Losses

A fluid loses mechanical energy as it travels through a pipe. The frictional
losses caused by the contact between the fluid and the pipe are known as
“major head losses.” “Minor head losses,” conversely, occur because of
several factors, such as pipe expansion, pipe contraction, valves, and fittings.
The words “major” and “minor” may imply that major losses are greater than
minor losses. However, that is not always true. In a typical sprinkler system,
in which there are many bends and valves, the minor losses may exceed the
major losses.

Two methods commonly used to calculate major head loss are the Darcy-
Weisbach method and the Hazen-Williams method. The advantage of the Darcy-
Weisbach method is that it can be used for laminar, transitional, and fully rough
turbulent flows, whereas the Hazen-Williams method is used mainly when the
flow is expected to be fully turbulent. When using the Darcy-Weisbach method,

Fluid Mechanics 7
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the friction factor, f , can be calculated using several equations (that are
discussed in Problem 1-7). Minor losses, hmi, are calculated by

hmi =K 0V2=ð2gÞ (1-5)

where K 0 is the sum of minor loss coefficients such as the entrance and exit loss
coefficients.

Important Parameters in Pipe Flow Problems

There are several parameters in pipe networking problems. Some of the
common parameters are flowrate (Q), velocity (V), mechanical energy (ME),
pipe length (L), pipe diameter (d), friction factor (f ), the Hazen-Williams
constant (CH), minor loss coefficient (K), the head provided by a pump (hp
if a pump is being used), major head losses (hf ), minor head losses (hmi), total
head losses (ht), Reynolds number (Re), and relative roughness (Rr). The total
head losses are the sum of minor and major losses. In each problem many of the
parameters are unknowns. Also, in each problem a number of equations are
available to find the values of the unknown parameters. A problem will have a
unique solution only if the total number of unknowns is equal to the number of
available equations.

Available Equations

It becomes easier to find the appropriate solution procedure if one can identify
all the unknowns and the available equations. Some of the equations available in
pipe networking problems are (a) energy equations, (b) continuity equations,
(c) Darcy-Weisbach or Hazen-Williams equations for calculating minor losses,
(d) minor loss equations, similar to Eq. (1-4), and (e) friction factor equations,
which are discussed in Problem 1-7. The term “friction factor equation” is used in
this book to describe an equation that was developed primarily to determine the
friction factor. In any problem, the available energy, major head loss, and friction
factor equations are equal to the number of pipes; the available continuity
equations are equal to the number of junctions in the system; and the available
minor loss equations are equal to the number of minor losses being considered.
Note that if several energy equations can be written in a problem, the number of
useful energy equations will be equal to the number of pipes; the remaining
equations will be redundant. Also, note that the equations may have to be
reorganized to have the unknown variable on the left-hand side of the equation.

Problems 1-7 through 1-18

Problems 1-7 through 1-18 discuss flow through fully flowing or “pressure” pipes.
The complexity of these problems increases from Problem 1-7 to 1-18. For
example, Problem 1-8 discusses gravity flow between two reservoirs through a
single pipe, whereas Problem 1-18 discusses water being pumped from a reservoir
to two reservoirs through multiple pipes. A summary of the assumptions/
specifications, unknowns within each problem, a description of the equations, and
the type of solution procedure used to solve Problem 1-8 through 1-11 and Prob-
lems 1-12 through 1-14 are provided in Tables A-1 and A-2, respectively. A similar
summary for problems 1-15 through 1-18 is provided in Tables A-3 through A-6.
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Problem 1-1: Estimation of Water Density and
Dynamic Viscosity Using Trendline Equations

Problem Statement

Determine appropriate trendline equations for density, ρw, dynamic viscosity,
μw, and saturated vapor pressure, esw, of water with respect to temperature,
T . Plot the trendline equations and find the corresponding R2 value. Ensure that
the values predicted by the trendline equations are within 3% of the actual
values.

Background

A very convenient feature of spreadsheets is the capability of developing
polynomials or “trendlines” by using curve-fitting techniques and finding equa-
tions for these trendlines. These trendline equations overcome the problem of
interpolation. For example, most textbooks provide the values of the density
(ρw), dynamic viscosity (μw), and saturated vapor pressure (esw) of water at
intervals of 5°C (see “given” values in Spreadsheet 1-1), but one must use
interpolation—usually linear interpolation—to find the density and kinematic
viscosity values at intermediate values of temperature. The trendline equations
overcome this problem of interpolating and are very convenient to use in
spreadsheets.

Equations

The trendline equations and equations used to calculate percentage differences
are

1. ρwc = − 0.0036T2 − 0.0658T + 1,000.6

2. %diff:= ðρw − ρwcÞ=ρw � 100
3. μwc = 3.356 � 10− 11T4 − 9.250 � 10− 9T3 − 9.925 � 10− 7T2 + 1.777 � 10− 3

4. %diff:= ðμw − μwcÞ=μw � 100
5. eswc = 0.1613 � T3 − 8.5928 � T2 + 262.33T − 226.7

6. %diff:= ðesw − eswcÞ=esw � 100

where ρw, μw, and esw are the given values and vapor pressure, and ρwc, μwc, and
eswc are the calculated values of the water density, dynamic viscosity, and vapor
pressure, respectively.

Solution Procedure

The graphs between ρw, μw, and, esw versus T (in °C), along with the trendline
equations and R2 values, are respectively shown in Charts 1, 2, and 3 of
Spreadsheet 1-1. Water density is plotted using using a second-order polynomial,
dynamic viscosity values are plotted using a fourth-order polynomial, and vapor

Fluid Mechanics 9
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pressure is plotted using a third-order polynomial. These polynomials provide
the desired accuracy although other more accurate solutions may be possible.

Solution

The accompanying spreadsheet uses trendline equations that are accurate
within 0.1% for water density, within 3% for water dynamic viscosity, and within
1% for vapor pressure for temperature values ranging from 0°C to 100°C
(Spreadsheet 1-1). When using trendlines, the accuracy of the results may be
highly dependent on the number of decimal points used in generating the
equations. For example, Eq. 2 was determined up to 10 decimal figures (Chart
2), although only three decimal figures are reported here. As expected, both the
water and air density values decrease with an increase in temperature (Spread-
sheet 1-1). The dynamic viscosity of water also decreases with an increase in
temperature, as water is a liquid (gasses show an opposite trend). Finally, the
vapor pressure increases with an increase in temperature. Note that the vapor
pressure has units of absolute pressure.

Assigned Problem 1-1-1

Using the values shown in Spreadsheet 1-1, determine a trendline equation for
air density, ρa, that can predict values within 1% of the given values.

Assigned Problem 1-1-2

Determine the density, dynamic viscosity, and vapor pressure of water at
T = 6°C, 17°C, and 28°C using the developed trendline equations.

10 Water Engineering with the Spreadsheet
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Problem 1-2: Calculation of Hydrostatic Forces
on a Planar Rectangular Surface by

Two Methods

Problem Statement

Determine the hydrostatic force and its x and y components, acting on the
submerged portion, AO, of the inclined rectangular gate, AB, shown in Fig. 1-7,
using two methods. The water depth, y= 6 m. The gate is 2 m wide (perpendicu-
lar to the page) and is inclined at an angle, θ= 45 deg. The unit weight of water is
9.81 kN=m3.

Background

Two methods are described to estimate the magnitude of the resultant hydro-
static force. Both methods can be used to compute the magnitude of the
hydrostatic force on an object of any shape.

Equations for Method 1

The equations for Method 1 are

1. L=y= sin θ

2. hc = y=2

3. pc = γhc
4. A= lw

5. F = pcA

6. Fx =F sin θ

7. Fy =FCosθ

Fig. 1-7 Description of Problem 1-2
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where L=AO, F = the hydrostatic force, pc is the pressure at the centroid of the
submerged area of the object that is Point C, A is the area of the submerged part
of the object, γ is the unit weight of water, hc is the vertical distance from
the free surface to the centroid of the submerged surface, Fx and Fy are the
respective horizontal and vertical components of F , and θ is the angle of
inclination of the object from the x axis. Note that as shown in Fig. 1-7, the
force F is a “point force” that acts at the center of pressure (CP) and not at C.
The point of application of F is discussed in Problem 1-3. Also, Eqs. 3 and 5 are
applicable to all shapes (not just rectangular objects). A common mistake that
students make is thinking that F =pcpA (instead of pcA), because F acts at CP
and not at C.

Equations for Method 2

The equations for Method 2 are

8. p1 = γh1
9. p2 = γh2

10. Av =LwSinθ

11. Fx =p1Av + ðp2 − p1ÞðAv=2Þ
12. Vf = 0.5ðLSinθÞðLCosθÞw
13. Fy = ðVf ÞðγÞ
14. F = ðF2

x +F2
yÞ0.5

where p1 and p2 are the respective pressures at the top (O) and bottom (A) of the
submerged area of the object, Av is the vertical projected area of the submerged

part of the object, Vf is the volume of fluid above the submerged surface (the
shaded area of Fig. 1-7), and h1 and h2 are the respective vertical distances from
the free surface to the top and bottom of the submerged area. In this problem,
h1 = 0 and h2 = y. Note that Fy, the vertical force acting on the submerged
surface, is ðVf ÞðγÞ, which is equal to the weight of the fluid above the submerged
surface. The equations used in Methods 1 and 2 will be the same for an object of
any shape (not necessarily a rectangular shape) with the exceptions of Eqs. 2, 10,
12, and 13, which will have to be rewritten for objects not having a rectangular
shape.

Hint

Method 1 is preferable, as it is simpler, but Eqs. 11 and 13 are the ones that are
accessible to students in the fundamentals of engineering (FE) exam.

Solution Procedure

The solution procedure is shown in Spreadsheet 1-2.

Solution

Both methods determine a hydrostatic force of 499.4 kN.

12 Water Engineering with the Spreadsheet
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What-If Analyses

A what-if analysis shows that

(a) Fx does not change as θ increases to (say) 60 or 75 deg (why?),
(b) Fy decreases as θ increases (why?), and
(c) F increases as the depth of water (y) increases (why?).

Assigned Problem 1-2-1

Rewrite the equations and create a spreadsheet to determine, using Method 1,
the values of F , Fx, and Fy acting on the 2-m diameter circular gate shown in
Fig. 1-8.

Assigned Problem 1-2-2

Rewrite the equations and create a spreadsheet to determine, using Method 1,
the values of F , Fx, and Fy acting on the triangular gate ABD shown in Fig. 1-8.

Assigned Problem 1-2-3

Determine the hydrostatic force and its x and y components, acting on the
submerged portion, AJ, of the inclined rectangular gate, AB, shown in Fig. 1-7,
using Methods 1 and 2. The vertical distance of J from the hinge is 4 m (Fig. 1-7).
The gate is 2 m wide (perpendicular to the page) and is inclined at an angle,
θ= 45 deg. The unit weight of water is 9.81 kN=m3.

Fig. 1-8 Description of Problems 1-2-1 and 1-2-2
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Problem 1-3: Calculation of the Location of the
Hydrostatic Force on a Planar Triangular Surface

Problem Statement

A resultant hydrostatic force, F , is acting on a planar triangular surface, AB,
shown in Fig. 1-9. The triangular gate has a height, h= 5 m, and a width, w= 4 m
(Fig. 1-9). The gate is tilted at an angle θ= 60 deg (Fig. 1-9). The vertical distance,
h 0, between the top of the gate and the free surface is 6 m. The centroid of the
gate is located at C. Determine (a) the distance between the centroid of the gate
and the center of pressure (CP) and (b) the location of the resultant hydrostatic
force from the bottom of the gate (Point B in Fig. 1-9).

Background

Engineers must know the location of the hydrostatic force for different types of
analyses (for example, to determine the overturning moment on a dam). The
point where the free surface intersects the plane of the submerged object is
defined as the origin (Point O in Fig. 1-9). In these types of problems, the y axis is
defined as the axis along the plane of the submerged object and the x axis is
perpendicular to the y axis but is coming out of the plane of the paper (Fig. 1-9).

Equations

1. A= 0.5wh

2. t= hSinθ

3. yc = ½h 0 + ð2=3ÞðtÞ�=Sinθ
4. Ibar = ð1=36Þðwh3Þ
5. ycp = yc + Ibar=ðycAÞ
6. D=ycp − yc

7. BP= ½ðh 0 + tÞ=Sinθ�−ycp

Fig. 1-9 Description of Problem 1-3
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where A is the area of the submerged gate, t is the vertical component of h, yc is
the distance between the centroid of the submerged object (in this case, the
triangular gate) to the origin O, ycp is the distance between the center of
pressure, CP, and the origin O, Ibar is the moment of inertia of the submerged
area about an axis that passes through its centroid and is parallel to the x axis,
and D is the distance between CP and C.

Solution Procedure

The solution procedure is shown in Spreadsheet 1-3.

Solution

The distance between C and CP is 0.16 m, and the distance from B to
CP= 3.17 m. Incidentally, it can be shown that ycp is always greater than yc,
which implies that the center of pressure is always lower than the centroid
(unless the submerged surface is horizontal).

What-If Analyses

Two interesting questions that come up are these:

(a) What happens to the distance between the center of pressure and centroid
(ycp − yc) when the gate is rotated? To answer this question, determine the
distance ycp − yc for θ= 30 deg and 5 deg; all other parameters remain the
same as before. (Answers: 0.10 m, 0.02 m)

(b) What happens to the distance between the center of pressure and centroid
(ycp − yc) when water height above the gate is increased; does CP get closer
to the centroid or does it go farther away? Determine the difference
between ycp and yc for h 0 = 8 m and 20 m. All other parameters remain
the same as before (θ= 60 deg). (Answers: 0.13 m, 0.06 m)

The analysis shows that the center of pressure moves closer to the centroid as
the inclined surface becomes flatter and as the water height increases.

Assigned Problem 1-3-1

Rewrite the equations and create a spreadsheet to determine the location of the
resultant hydrostatic force if the triangular gate shown in Fig. 1-9 was replaced
by a 4 m diameter circular gate inclined at an angle of θ= 60°. Note that Eqs. 1, 3,
and 4 will change.
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Problem 1-4: Calculation of Forces during
Internal Flow–Application of the Momentum

Equation in the Horizontal Plane

Problem Statement

A pipe, bent in the horizontal plane as shown in Fig. 1-10 (θ= 120 deg;
α= 60 deg), discharges water into the air at atmospheric pressure. The pipe
diameters at Sections 1 and 2 are d1 = 0.6 m and d2 = 0.3 m. The flowrate, Q, in
the pipe is 0.7 m3=s. The upstream pressure is p1 = 47 kN=m2. Determine the x

and y components (Fwx and Fwy) of the force exerted by the water on the pipe.
The density of water, ρ, is 1,000 kg=m3.

Background

Because the flowing fluid is constrained by a pipe, it will apply an internal force

on the pipe. To determine Fwx and Fwy, one needs to use the scalar momentum
equations in the x and y directions. See Eqs. 15 and 16.

Equations

The complete set of equations for calculating Fwx and Fwy are

1. A1 = πd21=4

2. A2 = πd22=4

3. V1 =Q=A1

4. V2 =Q=A2

Fig. 1-10 Description of Problem 1-4
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5. V 1x =V1

6. V 2x =V2Cosα

7. V 1y = 0

8. V 2y =V2Sinα

9. F1 = p1A1

10. F2 = p2A2

11. F1x =F1

12. F2x =F2Cosθ

13. F1y = 0

14. F2y =F2Sinα

15. Rx =F1x +F2x + ðV1xQρ+V 2xQρÞ=1,000
16. Ry = −F1y −F2y − ðV 1yQρ+V2yQρÞ=1,000
17. Fwx = −Rx

18. Fwy = −Ry

where V1, V2, and p1, p2, are the respective velocities and pressures at Sections 1
and 2. F1 and F2 are the forces applied by the adjacent water on the fluid
inside the bend at Sections 1 and 2, F1x, F1y, and F2y are the x and y components
of F1 and F2, respectively. Rx and Ry are the forces applied by the pipe on

the fluid. The forces applied by the water on the pipe (Fwx and Fwy) will be equal
in magnitude but opposite in direction to the forces applied by the pipe on
the water as indicated in Eqs. 17 and 18. Eqs. 15 and 16 were derived by
writing the momentum equations in the x and y directions using the free body
diagram (FBD) of the fluid inside the bent pipe, which is shown in Fig. 1-11.
Notice that forces Fwx and Fwy are not shown in the FBD, because they
represent forces that are acting on the pipe by the fluid (one should show only
those forces that are acting on the fluid, as this is a FBD of the fluid). In this
problem, it is arbitrarily assumed that Rx is directed to the left and Ry is directed
upward. It is possible to assume that Rx and Ry are directed in different
directions (e.g., Rx can be assumed to be directed to the right). By definition,
the directions of Fwx and Fwy have to be opposite to the assumed directions for
Rx and Ry. Therefore, once the directions of Rx and Ry are selected as shown in
Fig. 1-10, Fwx must be directed to the right and Fwy must be directed downward.
The directions of the positive x and y axes are also shown in Fig. 1-11, which are
also selected in an arbitrary manner. When expanding the momentum equation,
one needs to be careful in assigning the correct sign to the scalar terms V1x, V2x,
V1y, V2y, F1x, F2x, F1y, and F2y. These terms should be positive if oriented
toward the positive x and y axes and negative otherwise. For example, V2x and
V2y should be assigned a negative sign as they are oriented opposite to the
positive x and y axes. In Eqs. 15 and 16, the division by 1,000 is done to convert
the force units to kN.

Solution Procedure

The solution procedure is shown in Spreadsheet 1-4.

Fluid Mechanics 17

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Hint

One has to first calculate Rx and Ry and then calculate Fwx and Fwy.

Solution

The solution is shown in Spreadsheet 1-4; Fwx = −18.49 kN, Fwy = 6 kN. Because
Fwx is negative and Fwy is positive, Fwx is acting to the left and Fwy is acting
downward.

What-If Analyses

Determine the effect of θ on the force applied by the water on the pipe if

(a) The pipe has no bend, i.e., θ= 0 (α= 180);
(b) The pipe makes a U-turn bend, i.e., θ= 180 (α= 0); and
(c) The pipe makes a 90-deg bend, i.e., θ= 90 (α= 90).

Calculate Fwx and Fwy for all three cases.

Assigned Problem 1-4-1

Why is Fwy = 0 for (a) and (b) in the what-if analysis?

Hint

It has something to do with change of momentum.

Fig. 1-11 Free body diagram of the fluid between Section 1 and 2
inside the bent pipe
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Assigned Problem 1-4-2

Determine the values of θ at which Fwx will be (i) minimum or (ii) maximum.
What do the answers have to do with change of momentum?

Assigned Problem 1-4-3

Determine the values of θ at which Fwy will be maximum. What does the answer
have to do with change of momentum?

Assigned Problem 1-4-4

Water is flowing through a horizontal T-section as shown in Fig. 1-12.
Q1 = 0.25 m3=s, Q2 = 0.10 m3=s, p1 = 100 kPa, p2 = 70 kPa, p3 = 80 kPa, d1 =
15 cm, d2 = 7 cm, and d3 = 15 cm. Determine the forces applied by the fluid on
the T-section.

Hints

Eqs. 15 and 16 need to be modified, as there are two exits rather than just one exit
as in Problem 1-4. Also, the continuity equation will be needed to estimate Q3.

Fig. 1-12 Description of Problem 1-4-4
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Problem 1-5: Calculation of Forces during
Internal Flow–Application of Momentum

Equation in the Vertical Plane

Problem Statement

A pipe, bent at 60 deg from the z-axis in the vertical plane (Fig. 1-13), discharges
water into the air at atmospheric pressure. The pipe diameters at Sections 1 and
2 are d1 = 0.6 m and d2 = 0.2 m. The flowrate, Q, in the pipe is 0.8 m3=s. The
upstream pressure, p1 = 50 kN=m2. Determine the z component (Fwz) of the
force exerted by the water on the bent pipe. The density, ρ, of water is
1,000 kg=m3. The weight of the bend, Wb, is 5 kN and the volume of water,
Vw, in the bend is 1.5 m3.

Background

The main difference between this problem and the previous problem is that
because the desired force component is in the vertical plane, you must expand
the momentum equation in the z direction, must include the weight of the bent
pipe, and must include the weight of the fluid within the bent pipe in computing
the desired force. Therefore, all equations are similar to Problem 1-4 except for
Eq. 11, which is the scalar momentum equation in the z direction for this
problem.

Equations

1. A1 = πd21=4

2. A2 = πd22=4

3. V1 =Q=A1

Fig. 1-13 Description of Problem 1-5
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4. V 2 =Q=A2

5. V 1z =V 1

6. V 2z =V 2Cosθ

7. F1 = p1A1

8. F2 = p2A2

9. F1z =F1

10. F2z =F2Cosθ

11. Rz = −F1z +F2z +Wb +Vwρg=1,000− ðV 1zQρ−V 2zQρÞ=1,000
12. Fwz = −Rz

where V1, V2, and p1, p2, are the respective velocities and pressures at Sections 1
and 2. F1 and F2 are the forces applied by the adjacent water on the fluid inside
the bend at Sections 1 and 2, F1z and F2z are the z components of F1 and F2,
respectively. Because Rz is the force applied by the pipe on the fluid, the force
applied by the water on the pipe, Fwz, will be equal in magnitude but opposite in
direction to Rz as indicated in Eq. 12. Eq. 11 was derived by writing the
momentum equation in the z direction using the free body diagram (FBD) of
the fluid inside the bent pipe, which is shown in Fig. 1-14. In this problem, it is
arbitrarily assumed that Rz is directed upward. It is possible to assume that Rz is
acting downward. By definition, the direction of Fwz will have to be opposite to
the assumed direction for Rz. Therefore, once the direction of Rz is selected
upward, Fwz must be directed in the downward direction. The direction of the
positive z axis also is shown in Fig. 1-14. This direction also is selected in an
arbitrary manner. In other words, it could have been assumed to be acting in the
downward direction. When expanding the momentum equation, one needs to be
careful in assigning the correct sign to the scalar terms V1z, F1z, Wb, and Ww.
These terms should be positive if oriented toward the positive z axis and
negative otherwise. For example, V1z should be assigned a positive sign,
whereas V2z should be assigned a negative sign. In Eq. 11, the division by
1,000 is done to convert the force units to kN.

Fig. 1-14 Free body diagram of the fluid inside the bent pipe

F2z 

x

F2 

Rz 

Section 1

F1 

F2x 

zwb + ww 

Section 2
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Solution Procedure

The solution procedure is shown in Spreadsheet 1-5.

Solution

Fwz = −16.44 kN, and, because Fwz is negative, it is acting in the upward
direction.

What-If Analyses

Determine the effect of the following:

(a) The flowrate on Fwz by plotting a graph of Fwz versus Q; Q should have a
range of 0.4 m3=s to 1.6 m3=s. All other parameters remain the same as in
Problem 1-5.

(b) The diameter d2 on Fwz by plotting a graph of Fwz versus d2; the range of d2
is from 0.1 m to 0.2 m. Why does the magnitude of Fwz increase as d2
decreases?

Assigned Problem 1-5-1

Determine the force Fwz if (a) θ= 90 deg (the pipe makes a 90-deg bend);
(b) θ= 180 deg (the pipe makes a U-bend); and (c) θ= 0 deg (there is no bend).
Why is the magnitude of Fwz greater for θ= 180 deg as compared to θ= 0 deg?

22 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 1-6: Calculation of Forces for
External Flows

Problem Statement

Determine the force exerted on a 30 m long 0.02 m diameter pipe, which is
vertically submerged in a river (Fig. 1-15). The current velocity, V , perpendicular
to the pipe, is 4 m=s. The water density (ρ) and the coefficient of dynamic
viscosity (μ) are 999.1 kg=m3 and 1.138× 10− 3 kgs− 1=m, respectively.

Background

Because the river flow is not constrained by a conduit, this problem is an
external flow problem and the drag force equation (Eq. 3) is required.

Equations

1. A=Ld

2. Re =Vdρ=μ

3. Fd = ðCDÞAρV 2=2

where A is the projected area, d is the diameter, and L is the length of the pipe.
The value of CD can be obtained from Fig. 1-5.

Solution Procedure

The solution is shown in Spreadsheet 1-6.

Solution

The resulting force is Fd = 5,275 N.

Fig. 1-15 Description of Problem 1-6

L

d

V = 4 m/s
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What-If Analyses

How is the force Fd affected if the diameter of the pipe is changed? Combining
Eqs. 1 and 3 indicates that Fd will be directly proportional to d. However, if the
value of the diameter is doubled, the value of Fd is 11,606 N, which is slightly
more than the previously calculated value. Why? The reason is because an
increase in diameter also causes a slight increase in the value of CD.

Assigned Problem 1-6-1

Determine the force exerted on a 30 m long 0.02 m diameter pipe, which is
horizontally submerged in a river (see Fig. 1-2). The current velocity,
V , perpendicular to the circular surface of the pipe, is 4 m=s. The water density
(ρ) and the coefficient of dynamic viscosity (μ) are 999.1 kg=m3 and
1.138× 10− 3 kg=m-s, respectively.
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Problem 1-7: Calculation of Friction Factor
for Transitional Flow

Problem Statement

Determine the friction factor, f , in a 20 cm cast iron pipe that has a roughness
height, ks = 0.12 mm, if the flow velocity, V , is 1.59 m=s, the fluid density, ρ, is
1,000 kg=m3, and the dynamic viscosity, μ= 0.001 Ns=m2, using (a) the
Colebrook-White, (b) Swamee and Jain, and (c) Haaland equations.

Background

The major head loss through a pipe can be calculated using the Darcy-Weisbach
equation, which is given as

hf = f ðL=dÞ½V2=ð2gÞ�

in which hf is the major head loss, L is the length of the pipe, d is the pipe
diameter, V is the average fluid velocity, and g is the acceleration due to
gravity. The value of the friction factor depends on the Reynolds number, Re,
and the pipe roughness, ks. The Reynolds number, in turn, depends on the type
of flow, which can be laminar, transitional, or fully rough. Both transitional and
fully rough flows are considered to be turbulent flows. The value of f can be
obtained by three different methods: (a) the Colebrook-White equation, (b) the
Swamee and Jain equation, or (c) the Haaland equation. You can also determine
the value of f by simply reading the Moody diagram, which was created to avoid
solving the abovementioned three equations. (The Moody diagram is not dis-
cussed in this book.) The Colebrook-White equation for transitional flows is
given by

1=f 0.5 = − 2.0flog10½ks=ð3.7dÞ+ 2.51=ðRe f
0.5Þ�g (1-6)

Equations

The equations for estimating f for transitional flows are

1. Re =Vdρ=μ

2. Rr = ks=d

3. LHS= 1=f 0.5

4. RHS= −2.0flog10½ks=ð3.7dÞ+ 2.51=ðRe f
0.5Þ�g

5. f = 0.25=flog10½ks=ð3.7dÞ�+ ½5.74=ðR0.9
e Þ�g2

6. f = 1=f−1.8log10½ks=ð3.7dÞ1.1 + 6.9=Re�g2

where Rr is a ratio known as the relative roughness, and LHS and
RHS stand for left-hand side and right-hand side of the Colebrook-White
equation. Eq. 5 is the Swamee and Jain equation, and Eq. 6 is the Haaland
equation.
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Solution Procedure

The Colebrook-White equation needs to be solved by trial and error, because f

occurs on both sides of the equation. The technique is to assume a value of f and
to keep changing that value until the LHS=RHS. In 1976, Swamee and Jain
introduced a simpler equation to calculate the friction factor (Eq. 5). Their
equation usually predicts values within 3% of the Colebrook-White equation. The
Haaland equation (Eq. 6) was developed in 1983, and the results from this equation
are usually within 2% of the Colebrook-White equation. The Swamee and Jain and
Haaland equations are approximate solutions of the Colebrook-White equation,
but are simpler to solve, as f occurs only on one side of the equation. The
advantage of using these equations is that they do not require an iterative solution.

Solution

As shown in Spreadsheet 1-7, the f values calculated by the Colebrook-White,
Swamee and Jain, and the Haaland equations are 0.0187, 0.0188, and 0.0188,
respectively.

What-If Analyses

Solutions using all three equations are shown in Spreadsheet 1-7. Conduct a
what-if analysis to

(a) Plot a graph of f versus μ and determine if f increases or decreases
with μ.

(b) Plot a graph of f versus d and determine if f increases or decreases
with d.

Assigned Problem 1-7-1

Prove that for very smooth pipes (ks = 0), the Colebrook-White equation is
transformed to

1=f 0.5 = −2.0½log10ðRf 0.5Þ�− 0.8 (1-7)

Eq. (1-7) is also known as the Prandtl equation.

Assigned Problem 1-7-2

Prove that for fully rough flows (i.e., relatively high R values that imply, in turn,
that 1=R can be neglected), the Colebrook-White equation is transformed to

f = f1=½1.14+ 2log10ðd=ksÞ�g2 (1-8)

Assigned Problem 1-7-3

Determine the value of f by Eq. (1-8) for μ= 0.0001 Ns=m2, ρ= 1,000 kg=m3,
ks = 1 mm, V = 1 m=s, and d= 1 m and compare the value from that obtained
from the Moody diagram.
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Associated Problem 1-7-4

Determine the value of f by Eq. (1-7) for a smooth pipe (ks = 0) if
μ= 0.0001 Ns=m2, ρ= 1,000 kg=m3, V = 1 m=s and d= 1 m and compare the value
with that obtained from the Moody diagram.
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Problem 1-8: Flowrate Estimation between
Two Reservoirs Using the Darcy-Weisbach
and Colebrook-White Equations Assuming

Fully Rough Turbulent Flow and
No Minor Losses

Problem Statement

Using the Darcy-Weisbach and Colebrook-White equations, determine the flow-
rate from Reservoir A to Reservoir B (Fig. 1-16). The water level elevations Z1
and Z2 in the two reservoirs are 100 m and 84 m, respectively. A 300 m long 1 m
diameter steel pipe (surface roughness, ks = 0.046 mm) connects the two reser-
voirs. The water density (ρ) and the coefficient of dynamic viscosity (μ) are
1,000 kg=m3 and 0.00114 Ns=m2, respectively.

Background

Because the flow in the pipe is assumed to be fully rough, this problem uses the
Colebrook-White equation for fully rough turbulent flows, i.e., Eq. (1-8) of
Problem 1-7.

Assumptions

(1) Fully rough turbulent flow, (2) no minor losses.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-1.
There are three unknowns in this problem: the major head loss, hf , the friction
factor, f , and the velocity, V (or flowrate, Q) in the pipe. The velocity and
flowrate are treated as a single unknown, as it is relatively easy to calculate
either parameter if the other is known using the equationQ=VA. As there is only
a single pipe in this problem, the number of available equations are one energy
equation, one friction factor equation, and one major loss equation.

Fig. 1-16 Description of Problem 1-8

A 

Datum 

B 

Z2 = 84 m 

2 

1 

Z1 = 100 

hf
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Equations

The equations for estimating the flowrate are

1. hf =Z1 − Z2

2. Rr = ks=d

3. f = 1=½1.14+ 2log10ðd=ksÞ�2
4. V = ½2gdhf =ðf LÞ�0.5
5. Q= ðVÞðπd2=4Þ

where Z1 −Z2 are the respective water levels in Reservoirs 1 and 2, and Rr is the
relative roughness.

Solution Procedure

As indicated in Appendix Table A-1, the Colebrook-White equation can be used
to calculate f . The energy equation can be modified to

hf =Z1 −Z2

to calculate hf , and a modified version of the Darcy-Weisbach equation,

V = ½2gdhf =ðf LÞ�0.5 (1-9)

can be used to calculate the velocity. No continuity equations are required in this
problem, because there are no junctions. Similarly, no minor loss equations are
required, as minor losses are neglected.

Solution

As shown in Spreadsheet 1-8, the velocity, V , in the pipe is 10.04 m=s, and the
flowrate is Q= 7.89 m3=s. An important concept to learn in this problem is that
the pipe slope never enters the equations, i.e., the flowrate is independent of the
pipe slope. However, the flowrate is highly dependent on the slope of the energy
grade line (EGL).

What-If Analyses

Conduct a what-if analysis to

(a) Determine the flowrate if a pipe of diameter 1.25 m is used instead of 1 m.
(b) Determine the flowrate if the elevation Z1 is 105 m instead of 100 m; all

other parameters are as in the original problem.
(c) Determine the flowrate if the pipe length is 500 m instead of 300 m; all other

parameters are as in the original problem.
(d) Decide whether the increases and/or decreases in the flowrates are as you

expected.

Assigned Problem 1-8-1

Draw the EGL and the HGL between the two reservoirs.
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Problem 1-9: Flowrate Estimation between
Two Reservoirs Using the Darcy-Weisbach
and Swamee and Jain Equations Assuming

No Minor Losses

Problem Statement

Using the Darcy-Weisbach and Swamee and Jain equations, determine the
flowrate from Reservoir A to Reservoir B (Fig. 1-16). The water level elevations
in the two reservoirs are 100m and 84m, respectively. A 300m long 1m diameter
steel pipe (surface roughness, ks = 0.046 mm) connects the two reservoirs. The
water density (ρ) and the coefficient of dynamic viscosity (μ) are 1,000 kg=m3

and 0.00114 Ns=m2, respectively.

Background

The difference between this problem and the previous one is that we are no
longer making the assumption of fully rough turbulent flow, as we will be using
the Swamee and Jain equation for calculating the friction factor.

Assumption

There are no minor losses.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-1.
Because we are using the Swamee and Jain equation, we have one more
unknown, the Reynolds number (Re), in this problem compared to Problem 1-8.
Four equations are available for this problem: the three equations listed for
Problem 1-8 and the Reynolds number equation (Re =Vdρ=μ).

Equations

The equations for estimating the flowrate are

1. hf =Z1 −Z2

2. Re =Vdρ=μ

3. Rr = ks=d

4. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g2

5. hf = f ðL=dÞ½V2=ð2gÞ�
6. Q= ðVÞðπd2=4Þ

where all symbols have been defined in previous problems.
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Solution Procedure

A study of the available equations (Appendix Table A-1) shows that although hf
can be calculated using the modified energy equation, the other three equations
have more than one unknown. In this case, a trial-and-error solution is applica-
ble. The system of equations can be solved in many ways, and two of the
methods are presented.

Method 1–Using Manual Iterations: A trial-and-error solution (Method 1,
Spreadsheet 1-9) is used to determine the flowrate. The value of V is assumed
and changed until hf , calculated by Eqs. 1 and 5 are equal. Spreadsheet 1-9 shows
four possible iterations. The first two iterations assume V = 5 m=s and 7m=s. The
calculated hf values using Eq. 5 are 4.27 m and 8.22 m, respectively, and both
values are less than hf calculated by Eq. 1 (16 m). The third iteration assumes a
value of V = 10 m=s. Using this value, the calculated value of hf = 16.56 m, which
is greater than 16 m. This indicates that the correct value of V is somewhere
between 7 m and 10 m, and more trial iterations (all iterations are not shown)
indicated that a value of V = 9.83 m=s (iteration 4) yielded a hf value of 16 m
(from Eq. 5), which is equal to the value computed by Eq. 1. Thus, the correct
answers are V = 9.83 m=s and Q= 7.72 m3=s.

Method 2–Using Goal Seek: This method is also a trial-and-error solution
(Method 2, Spreadsheet 1-9). However, it uses a spreadsheet feature known as
“Goal Seek.” Because we desire hf calculated in Cell G1 to be equal to the hf
calculated in Cell B1, Cell G1 is designated as the Goal Seek cell. In most
spreadsheets you can find Goal Seek under “Data” and “What-If” Analysis. The
spreadsheet will ask for the value desired in this cell. The goal is hf = 16 m, so
you should enter a value of 16. Next, you must enter the cell number whose value
has to be changed to achieve the desired goal. Because we wish to change the
value of V until hf = 16 m, we designate this cell to be Cell C1. The spreadsheet
will then automatically find the value of V such that hf = 16 m.

Solution

The velocity, V in the pipe is 9.83 m=s and the flowrate, Q= 7.72 m3=s. The
percentage difference in the calculated flowrate using the Swamee and
Jain equation (this problem) versus the Colebrook-White equation used in
Problem 1-8 is 2.1%.

What-If Analyses

Conduct a what-if analysis to determine the effect of the selected pipe by
changing the pipe from steel to cast iron (ks = 0.26 mm). (Answer: V = 8.45 m=s,
Q= 6.64 m3=s). Is the decrease in the flowrate as expected?
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Problem 1-10: Flowrate Estimation between Two
Reservoirs Using the Hazen-Williams Equation

Assuming No Minor Losses

Problem Statement

Using the Hazen-Williams equation, determine the flowrate from Reservoir A to
Reservoir B (Fig. 1-16). The water level elevations in the two reservoirs are
100 m and 84 m, respectively. A 300 m long 1 m diameter steel pipe (roughness
coefficient, CH = 110) connects the two reservoirs. The water density (ρ) and the
coefficient of dynamic viscosity (μ) are 1,000 kg=m3 and 0.00114 Ns=m2,
respectively.

Background

The difference between this problem and Problem 1-8 is that the major head loss
will be calculated by the Hazen-Williams equation instead of the Darcy-Weisbach
equation.

Assumptions

(1) Flow is fully rough turbulent because the Hazen-Williams equation is
applicable only for fully rough turbulent flow; (2) there are no minor losses.

Unknowns and Available Equations in This Problem

The unknowns and available equations are described in Appendix Table A-1.
Because we are using the Hazen-Williams equation, we have a total of four
unknowns: major head loss, hf , the hydraulic radius, R, the slope of the energy
grade line, S, and the flowrate, Q. Four equations are also available.

Equations

The equations for estimating the flowrate are

1. hf =Z1 −Z2

2. R=d=4

3. S =hf =L

4. A= πd2=4

5. Q= 0.85CHAR
0.63S0.54

where CH is the Hazen-Williams constant. Other symbols have been defined
previously.
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Solution Procedure

A study of the equations shows that the equations can be solved in the sequence
that has been given.

Solution

As shown in Spreadsheet 1-10, the flowrate is Q= 6.30 m3=s.

What-If Analyses

Note that the flowrates computed by the Darcy-Weisbach equation (Problem 1-8)
and the Hazen-Williams equation are similar but not exact. Conduct a what-if
analysis to determine the effect of the selected pipe by changing the pipe from
steel pipe to a cast iron, wrought plain pipe (CH = 100). (Answer: Q= 5.73 m3=s).
Is the decrease in the flowrate as expected?

Note

CH values can be obtained at http://www.engineeringtoolbox.com/hazen-
williams-coefficients-d_798.html.
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Problem 1-11: Flowrate Estimation between
Two Reservoirs Using the Darcy-Weisbach
and Swamee and Jain Equations Including

Minor Losses

Problem Statement

Using the Darcy-Weisbach and Swamee and Jain equations, determine the
flowrate from Reservoir A to Reservoir B (Fig. 1-16). The water level elevations
in the two reservoirs are 100m and 84m, respectively. A 300m long 1m diameter
steel pipe (surface roughness, ks = 0.046 mm), with an inward projected en-
trance (entrance loss coefficient Ke = 1) connects the two reservoirs. The exit
loss coefficient Kex is also equal to 1. The water density (ρ) and the coefficient of
dynamic viscosity (μ) are 1,000 kg=m3 and 0.00114 Ns=m2, respectively. Include
minor losses.

Background

The difference between this problem and Problem 1-9 is that now we are
including the effects of entrance and exit losses known as minor losses. Other
types of minor losses may also be possible in other problems. It should be noted
that the exit loss coefficient, Kex, is always also equal to one when water is
discharged into a reservoir.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-1. We
have added two more unknowns to those shown in Problem 1-9. These are the
entrance and exit losses, also known as minor losses. We have also added two
minor loss equations—an entrance loss and an exit loss equation—to those
shown in Problem 1-9.

Equations

The sequence of equations for estimating the flowrate can be

1. ht =Z1 −Z2

2. Re =Vdρ=μ

3. Rr = ks=d

4. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g2

5. he =Ke½V2=ð2gÞ�
6. hex =Kex½V2=ð2gÞ�
7. hmi =he +hex
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8. hf = f ðL=dÞ½V2=ð2gÞ�
9. ht = hf +hmi

10. Q= ðVÞðπd2=4Þ

where he, hexit, and hmi are the entrance, exit, and combined minor losses, and ht
is the total head loss (sum of the major andminor head losses). All other symbols
have been defined in previous problems. Mainly for convenience in writing cell
equations, some equations have been added to those shown in Appendix
Table A-1.

Solution Procedure

A trial-and-error solution will be convenient because, after calculating ht using
Eq. 1, we find that all other available equations have at least two unknowns.

Solution

A trial-and-error solution is shown in Spreadsheet 1-11. The value of V is
changed until ht, calculated by Eqs. 1 and 9 are equal. The solution will be
quicker to find using Goal Seek. The velocity, V , in the pipe is 7.71 m=s and the
flowrate, Q= 6.06 m3=s. The percentage difference in the calculated flowrate
including minor losses (this problem) versus the flowrate calculated in
Problem 1-9, in which minor losses were not included, is 21.5%.

What-If Analyses

Conduct a what-if analysis to determine the effect of different entrances as
opposed to an inward projected entrance. Determine the velocity, flowrate,
and the increase in flowrate if (a) the entrance is square edged (Ke = 0.5), (b) the
entrance is chamfered (Ke = 0.25), and (c) the entrance is rounded (Ke = 0.09).
The answers are (a) V = 8.11m=s, Q= 6.37 m3=s, % increase 5.1; (b) V = 8.33m=s,
Q= 6.55m3=s, % increase 8.1; and (c) V = 8.49m=s,Q= 6.67m3=s, % increase 10.1.

Note

The minor loss coefficients can be obtained from http://udel.edu/~inamdar/
EGTE215/ Minor_loss.pdf.

Assigned Problem 1-11-1

Draw the EGL and the HGL between the two reservoirs. Note that this problem is
different from Assigned Problem 1-8-1 because in this problem you must include
minor losses.
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Problem 1-12: Pump Head, Power Requirement,
and Cost for Flow between Two Reservoirs

(Include Minor Losses)

Problem Statement

Using the Darcy-Weisbach and Swamee and Jain equations, determine the pump
head and pump power requirement if water is being pumped up from Reservoir
B (elevation 84 m) to Reservoir A (elevation 100 m) as shown in Fig. 1-17.
The required flowrate is 5 m3=s, and the reservoirs are connected by a 300 m long
1 m diameter steel pipe (surface roughness, ks = 0.046 mm), with a well-rounded
entrance (entrance loss coefficient Ke = 0.04). Also, compute the monthly
electricity cost if the pump efficiency (η) is 70%, and the electricity cost is
$0.085 per kWh. The water density (ρ) and the coefficient of dynamic viscosity
(μ) are 1,000 kg=m3 and 0.00114 Ns=m2, respectively. Include minor losses.

Background

A main difference between this problem and Problem 1-11 is that the flow from
the two reservoirs is reversed and the flow is from the lower to the higher

reservoir. A pump will be required to overcome the effects of gravity and the
energy lost to major and minor head losses. A pump is a device used to add
pressure energy into the system.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-2.
This problem has the same number of unknowns as Problem 1-11 with the
exception that Q has been replaced by hp, which is the head provided by the
pump. Also, we have added three other unknowns: the mechanical power, P;
the electric power, EP; and the cost of the electric power, for a total of nine
unknowns. The same six equations used in Problem 1-11 are available in this
case. The two additional equations, for the additional unknowns, are the power
equation (Eq. 12 in the equation set following), Eq. 13, which describes that the

Fig. 1-17 Description of Problem 1-12

P

A 

Datum 

B 

Z2 = 84 m 

2 

1 

Z1 = 100 

36 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



efficiency of a pump, η=P=EP, and an equation for calculating the cost of the
electric power.

Equations

The equations for estimating the pump head, pump power requirement, and the
monthly electric cost are

1. V = 4Q=ðπd2Þ
2. Re =Vdρ=μ

3. Rr = ks=d

4. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g

5. he =Ke½V2=ð2gÞ�
6. hex =Kex½V 2=ð2gÞ�
7. hmi = he +hex

8. hf = f ðL=dÞ½V2=ð2gÞ�
9. ht = hf +hmi

10. hp = ht +Z1 −Z2

11. P = ρghpQ=1,000

12. EP=P=η

13. Cost= ðEÞð30 days=monthÞð24 hr=dayÞð0.085Þ

where P and EP are in kW. The equation set has 13 equations instead of nine,
because in addition to Eq. 1, we have added Eqs. 3, 7, and 9 for convenience.

Solution Procedure

The solution is shown in Spreadsheet 1-12. As Q, and therefore V , is given, the
solution does not require a trial-and-error solution provided the equations are
solved in a proper sequence. The aforementioned equation set presents one such
sequence (other sequences are also possible).

Solution

The head provided by the pump is 24.98 m, and the power requirement is
1,225 kN-m=s (or 1;225 kW). The monthly cost of operating the pump is
USD $107,123.

What-If Analyses

Determine the effect of the desired flowrate, Q, on the monthly costs by plotting
a graph of monthly cost versus Q. Why is this relationship nonlinear?

Assigned Problem 1-12-1

Draw the EGL and the HGL between the two reservoirs.
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Problem 1-13: Estimation of Pipe Diameter for
Flow between Two Reservoirs Using the
Darcy-Weisbach and Swamee and Jain

Equations with No Minor Losses

Problem Statement

Water flows from Reservoir A to Reservoir B (Fig. 1-16). Using the Darcy-
Weisbach and Swamee and Jain equations, determine the pipe diameter neces-
sary to carry a flowrate of 7.5 m3=s between the two reservoirs, which are 300 m
apart, and in which the water level elevations are 100 m and 84 m, respectively.
The desired pipe is a steel pipe (surface roughness, ks = 0.046 mm), and minor
losses can be neglected. The water density (ρ) and the coefficient of dynamic
viscosity (μ) are 1,000 kg=m3 and 0.00114 Ns=m2, respectively. Ignore minor
losses.

Background

Usually minor losses are neglected when designing long pipes, but neglecting
minor losses can lead to significant errors if the pipe lengths are relatively short
or if minor losses are large. The main difference between this problem and
Problem 1-9 is that the flowrate is known, whereas the pipe diameter is not
known.

Assumption

Minor losses are neglected.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-2.
This problem has the same number of unknowns and available equations as
Problem 1-9 with the exception that Q has been replaced by d.

Equations

The equations for estimating the pipe diameter are

1. hf =Z1–Z2

2. K = ½8f =ðgπ2Þ�0.2
3. d=KðLQ2=hf Þ0.2
4. Rr = ks=d

5. A= πd2=4

6. V =Q=A

7. Re =Vdρ=μ

8. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g2
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where K is a constant. Eqs. 2 and 3 are obtained by modifying the Darcy-
Weisbach equation.

Solution Procedure

A study of the available equations (Appendix Table A-2) shows that although hf
can be calculated using the energy equation (Eq. 1), the remaining three
equations have at least two unknowns. As a result, a trial-and-error solution
is utilized. Two methods are provided to calculate the pipe diameter using an
iterative solution procedure.

Method 1–Using Manual Iterations and Assuming f: A trial-and-error solution
(Method 1, Spreadsheet 1-13) is used to determine the pipe diameter. The value
of f is assumed and changed until the assumed value is equal to the value
calculated by Eq. 8. A fast technique for converging to the correct value of f and
to avoid multiple iterations the new assumed value is to set equal to the
previously calculated value. This is illustrated in Method 1, Spreadsheet 1-13.
An initial value of f = 0.001 is assumed (iteration 1), which results in a calculated
value of 0.0116 by Eq. 8. The next assumed value for f is 0.0116, which results in
a calculated value of f equal to 0.0108. This process is repeated, and we can see
that convergence to the correct value (f = 0.0109) is achieved fairly rapidly over
four iterations. Note that in this problem we desired an accuracy of up to four
decimal figures.

Method 2–Using Circulation Cells and Assuming f: The circulation cell method
is also illustrated in Spreadsheet 1-13. This method is applicable when one wants
two cells to converge to the same value. In this case, we would want Cells C1 and
J1 to have the same value. This is accomplished by designating Cell J1 as a
circulation cell. This can be done as follows: (1) click on Cell J1, (2) click on
File/Options/Formulas, (3) set the Workbook Calculation on “Automatic,”
(4) activate “Enable Iterative Calculation,” (5) set the number of “Maximum
Iterations,” and (6) set the number of “Maximum Change” (this was set at 0.0001
for this problem). After designating Cell J1 as a circulation cell, type “= Cell J1” in
Cell C1. The spreadsheet will automatically calculate a value of f = 0.0109.

Solution

The solution is shown in Spreadsheet 1-13. The estimated pipe diameter is
0.99 m, so the selected pipe size will be 1 m or the next higher pipe size that is
available.

What-If Analyses

Determine the effect of the desired flowrate, Q, on the pipe diameter, d, by
plotting a graph of d versus Q (using a range of Q from 5m3=s to 10 m3=s).
All other parameters are the same as in Problem 1-13.

Fluid Mechanics 39

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Assigned Problem 1-13-1

Solve Problem 1-13 using Goal Seek.

Assigned Problem 1-13-2

What pipe diameter would be needed if a concrete pipe (ks = 1.5 mm) was used
instead of a steel pipe? All other parameters are the same as in Problem 1-13.
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Problem 1-14: Estimation of Pipe Diameter for
Flow between Two Reservoirs Using the

Darcy-Weisbach and Swamee and Jain Equations
and Include Minor Losses

Problem Statement

Using the Darcy-Weisbach and Swamee and Jain equations, determine the pipe
diameter necessary to carry a flowrate of 7.5 m3=s between two reservoirs,
which are 300 m apart and in which the water level elevations are 100 m and
84 m, respectively. The desired pipe is a steel pipe (surface roughness,
ks = 0.046 mm). The entrance and exit loss coefficients are 0.09 and 1.0, respec-
tively. The water density (ρ) and the coefficient of dynamic viscosity (μ) are
1,000 kg=m3 and 0.00114 Ns=m2, respectively. Include minor losses.

Background

The main difference between this problem and Problem 1-13 is that minor
losses are not neglected in this problem. Neglecting minor losses can lead to
estimating a smaller pipe size than what is actually needed to carry the desired
flowrate.

Unknowns and Available Equations in this Problem

The unknowns and available equations are described in Appendix Table A-2.
This problem has the same number of unknowns and available equations as
Problem 1-13, with the exception that two minor losses [the entrance loss (he)
and exit loss (hex)] are no longer neglected. Because the entrance and exit losses
can be calculated by Eqs. 5 and 6 of Problem 1-12, we have a total of six
unknowns and six equations. A study of the equations shows that the solution
procedure used in Problem 1-13 is no longer applicable, because hf can no
longer be calculated using Eq. 1 of Problem 1-13, and therefore, d can no longer
be calculated using Eqs. 2 and 3 of Problem 1-13 even after assuming f .

A possible sequence in which equations can be solved for estimating the pipe
diameter is

Equations

1. ht =Z1 −Z2

2. A= πd2=4

3. V =Q=A

4. Re =Vdρ=μ

5. Rr = ks=d

6. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g2

Fluid Mechanics 41

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



7. hf = f ðL=dÞ½V2=ð2gÞ�
8. he =Ke½V2=ð2gÞ�
9. hex =Kex½V2=ð2gÞ�

10. ht = he −hex + hf

where ht is the total head loss.

Solution Procedure

A study of the available equations (Appendix Table A-2) shows that all equations
have at least two unknowns. The variable ht has been introduced mainly for
convenience so that the energy equation can be broken into two equations:
Eqs. 1 and 10. The feature Goal Seek is used by specifying that the value of ht,
calculated by Eq. 10, must be equal to that calculated by Eq. 1.

Solution

The calculated value of d (Spreadsheet 1-14) is equal to 1.05 m. Thus, the
required pipe diameter is 1.05 m or the next higher available size. Note that this is
slightly higher than the pipe size calculated in Spreadsheet 1-13 (why?).

What-If Analyses

Determine the effect of the pipe length, L, on the pipe diameter, d, by plotting a
graph of d versus L (using a range of L from 300 m to 3,000 m). All other
parameters are the same as in Spreadsheet 1-14.

Assigned Problem 1-14-1

What pipe diameter would be needed if there were four bends in the pipe and the
pipe had a wide-open globe valve? The loss coefficient for each of the bends is
0.19, whereas the loss coefficient for the globe valve is 10. All other parameters
are the same as in Spreadsheet 1-14.
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Problem 1-15: Flowrate Estimation between Two
Reservoirs When the Water Is Being Pumped

Up and Include Minor Losses

Problem Statement

Using the Darcy-Weisbach and Swamee and Jain equations, determine the
flowrate and the head provided by the pump if water is being pumped from
a lower reservoir (elevation 0 m) to a higher reservoir (elevation 10 m) as shown
in Fig. 1-18. The reservoirs are connected by a 30 m long 0.15 m diameter steel
pipe (surface roughness, ks = 0.046 mm). There are three bends in the pipe
(Kb = 0.19) and an open gate valve (Kv = 0.2). The entrance is rounded,
Ke = 0.12. The pump performance curve is given by hp = 20− 4713Q2, where
the head provided by the pump is in m, and Q is the flowrate in m3=s. The water
density (ρ) and the coefficient of dynamic viscosity (μ) are 1,000 kg=m3 and
0.00114 Ns=m2, respectively. Include minor losses.

Background

This problem is slightly more complicated than Problem 1-12 because both the
head provided by the pump and the flowrate are unknown. Therefore, an extra
equation is needed to solve the problem. This extra equation is provided by the
pump manufacturer either in the form of a graph known as the “pump charac-
teristic” or “pump performance” curve or in the form of an equation (as in this
problem). For solution purposes, converting the pump performance curve, if
presented as a graph, to an equation using the trendline technique is more
convenient when using a spreadsheet. In addition, we also added the minor head
losses because of bends in the pipe (hb) and the presence of a gate valve (hv).
The calculation of hb and hv requires two additional equations, which are Eqs. 8
and 9 in the equation list following.

Unknowns and Available Equations in this Problem

As described in Appendix Table A-3, this problem has nine unknowns. There is
only a single pipe in this equation, so the available equations are one energy
equation, one friction factor equation (Swamee and Jain), one Reynolds number
equation, one major loss equation (Darcy-Weisbach), four minor loss equations,
and the pump performance equation.

Fig. 1-18 Description of Problem 1-15

P 

El. = 10 m 

El. = 0 m 
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Equations

The equations for estimating the flowrate are

1. H =Z1 −Z2

2. Q=Vπd2=4

3. Re =Vdρ=μ

4. Rr = ks=d

5. f = 0.25=flog10½ks=ð3.7dÞ+ 5.74=ðR0.9
e Þ�g2

6. he =Ke½V2=ð2gÞ�
7. hex =Kex½V2=ð2gÞ�
8. hb =Kb½V 2=ð2gÞ�
9. hv =Kv½V 2=ð2gÞ�

10. hmi =he +hex + hb +hv

11. hf = f ðL=dÞ½V2=ð2gÞ�
12. ht = hf +hmi

13. hp = ht +H

14. Q= ½ð20− hpÞ=4713�0.5

where Kb and Kv are the bending and valve loss coefficients, and H is the
elevation difference between the two reservoirs. All other symbols have been
defined in previous problems.

Solution Procedure

Several solution procedures are possible; however, two trial-and-error methods
are shown in Spreadsheet 1-15. In Method 1, the value of V is changed until the
flowrate calculated by Eqs. 2 and 14 are equal. In Method 2, the value of hp is
changed until the pump head calculated by Eq. 13 is equal to the assumed head.
Note that Eq. 2 has to be rearranged in Method 2 to V = 4Q=πd2. Manual
iterations were used in both procedures.

Solution

Both solution procedures lead to the same answers: Q= 0.042 m3=s and
hp = 11.50 m.

What-If Analyses

Determine the effect of the number of pipe bends on the pipe diameter, d,
by plotting a graph of d versus number of bends. The number of bends range
from 1 to 5. All other parameters are the same as in Problem 1-15.

Assigned Problem 1-15-1

Find the flowrate, Q, for the aforementioned problem using Method 1, but use
the Goal Seek feature instead of manual iterations.

Assigned Problem 1-15-2

Find the flowrate, Q, for the aforementioned problem using Method 2, but use
the circulation cell feature instead of manual iterations.
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Problem 1-16: Flowrate Estimation between
Three Reservoirs: The Classical Three

Reservoir Problem

Problem Statement

Three reservoirs (A, B, and C) are connected through a junction, J,
as shown in Fig. 1-19. Using the Darcy-Weisbach method, determine the
flowrates in the three pipes and the energy head, Ej, at the junction.
The water levels in Reservoirs A, B, and C are 160 m, 100 m, and 80 m,
respectively. The pipe lengths diameters and friction factors are given in
Spreadsheet 1-16.

Assumptions

(1) Minor losses are negligible; (2) friction factors in all pipes are 0.03.

Background

Four concepts are usually applied when solving networking problems: (1) hy-
pothetical reservoirs, (2) flow directions, (3) number of unknowns, and (4) num-
ber of available equations.

If Reservoir C in this problem represents a city, the water level (ME) in Reservoir
C will change based on the city’s water demand at any given time of the day. The
water level in Reservoir C (80 m) represents the city’s water demand. Under low-
demand conditions for the city, the flow will be from the junction to Reservoir B,
but under high-demand conditions, the flow will be from Reservoir B to the
junction as both Reservoirs A and B will be needed to meet the city’s water
demand.

Fig. 1-19 Description of Problem 1-16

(1) 

(3) 

(2) 

A 
El. = 160 m 

El. = 100 m 
B

C
El. = 80 m 

J

?

Flow direction can change 
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Flow Direction

The flow directions in the pipes are usually known; however, that may not
always be the case. For example, it is easy to see that the flow direction is from
ReservoirA to the junction in Pipe 1, and from the junction to Reservoir C in Pipe
3. However, we do not know the direction of flow in Pipe 2. If the ME at the
junction is greater than 100 m, the flow will be toward Reservoir B; otherwise it
will be in the other direction.

Unknowns and Available Equations

The unknowns and available equations are shown in Appendix Table A-4.
This problem has seven unknowns. As there are three pipes and one
junction in the given network, there are seven available equations in this
problem: three energy equations, three major loss equations, and one continuity
equation.

Equations

1. hf 1 =EA −Ej

2. hf 2 =EB −Ej (if Ej <EB)

hf 2 =Ej −EB (if Ej >EB)

3. hf 3 =Ej −EC

4. V1 = ½2gd1hf 1=ðf 1L1Þ�0.5
5. Q1 =V1πd21=4

6. V2 = ½2gd2hf 2=ðf 2L2Þ�0.5
7. Q2 =V2πd22=4

8. V3 = ½2gd3hf 3=ðf 3L3Þ�0.5
9. Q3 =V3πd23=4

10. NetQ=Q1 +Q2 −Q3 (if Ej <EB)

NetQ=Q1 −Q2 −Q3 (if Ej >EB)

where NetQ is the algebraic sum of the inflow and outflow from the junction,
and EA, EB, and EC are the mechanical energies in Reservoirs A, B,
and C, respectively. Eqs. 1, 2, and 3 are the three energy equations for
Pipes 1 to 3, respectively. Eqs. 4, 6, and 8 are the respective Darcy-
Weisbach equations for Pipes 1 to 3, and Eq. 10 is the continuity equation at
the junction.

Solution Procedure

We decided to write the three energy equations across the three pipes: 1 to J, 2 to
J or J to 2, and J to 3. However, it would be valid to write any three energy
equations. For example, the third energy equation could be from 1 to 3 instead of
from J to 3. As stated before, the number of useful energy equations will be equal
to the number of pipes; the remaining equation or equations will be redundant.
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Thus, if you are using the energy equations from 1 to J and 2 to J, you can use
either the energy equation from J to 3 or the energy equation from 1 to 3 but not
both equations. A trial-and-error procedure is used because all available equa-
tions have at least two unknowns. In problems with junctions, it is usually
convenient to assume the ME at the junction (Ej). The solution procedure is
shown in Spreadsheet 1-16. An Ej value of 90 m, representing high-demand
conditions, was used in Iteration 1 and resulted in positive NetQ= 0.191 m3=s.
An Ej value of 99.8 m, also representing high-demand conditions, was used in
Iteration 2 and resulted in a negative NetQ= 0.019 m3=s. The change of
sign in NetQ indicates that the correct value of Ej would be somewhere between
90 m and 99.8. Further iterations (Iteration 3) provided a NetQ= 0 for
Ej = 99.45 m.

Solution

The flowrates in Pipes 1 to 3 are 0.242 m3=s, 0.042 m3=s, and 0.285 m3=s, whereas
Ej = 99.45 m. As Ej is less than EB, the flow is from the Reservoir B to the
junction and represents a high-demand situation.

What-If Analyses

Determine the flowrates in the pipes and the value of Ej when EB = 90m (instead
of 100 m), i.e., the water level in the reservoir has depleted from 100 m to 90 m
because of supplying water to the city. Under this condition, the respective
flowrates in Pipes 1 to 3 are 0.262 m3=s, 0.013 m3=s, and 0.249 m3=s, whereas
Ej = 90.05 m. As Ej is greater than EB, the flow is from the junction to Reservoir
B and indicative of low-demand conditions.

Assigned Problem 1-16-1

The city of Problem 1-16 desires a flowrate Q3 = 0.4 m3=s under high-demand
conditions (EB = 100 m). All parameters are the same as in Problem 1-16 with
two exceptions: (1) the diameter of Pipe 3 (d3) is not known, whereas the
desired flowrate to the city, Q3 = 0.4 m3=s. Determine the pipe diameter d3
needed to provide the desired flowrate.

Hint

The number of unknowns are still seven as before.

Assigned Problem 1-16-2

Solve Problem 1-16 using Goal Seek.

Assigned Problem 1-16-3

The city of Problem 1-16 desires Q3 = 0.28 m3=s and Q1 = 0.3 m3=s under
high-demand conditions (EB = 100m). All parameters are the same as in
Problem 1-16 with two exceptions: (1) the diameters of Pipes 1 and 2 (d1 and
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d2) are not known, whereas the desired flowrates are Q1 = 0.0:25 m3=s and
Q3 = 0.0:28 m3=s. Determine the pipe diameters d1 and d2 needed to provide the
desired flowrate.

Hints

The number of unknowns are still seven as before. The problem will be much
easier to solve using Goal Seek.
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Problem 1-17: Estimation of Pumped
Flowrate in a Pipe Network

Problem Statement

Water from Reservoir A is being pumped to Reservoirs B and C through two
junctions, J1 and J2, as shown in Fig. 1-20. The pump is located in Pipe 1, and the
pump characteristic equation for the pump is hp = 60− 10Q2

1, where hp is the
head provided by the pump in m and Q1 is the flowrate in Pipe 1 in m3=s. Using
the Darcy-Weisbach method, determine the flowrates in the five pipes and the
energy heads, Ej1 and Ej2, at the two junctions. Also determine the head
provided by the pump (hp). The water levels in Reservoirs A, B, and C are
0 m, 50 m, and 48 m, respectively. The pipe lengths, diameters and friction
factors are given in Spreadsheet 1-17.

Assumptions

(1) Minor losses are negligible, (2) friction factor in all pipes is 0.02.

Background

A brief discussion on the unknowns and available equations is provided
following. The three reservoirs may not be actual reservoirs.

Unknowns and Available Equations

The unknowns and available equations are shown in Appendix Table A-5. This
problem has 13 unknowns. As there are five pipes and two junctions in the given
network, there are 13 available equations: five energy equations, five major loss
equations, two continuity equations, and the pump characteristic equation.

Equations

1. hf 4 =EJ2 −EB

2. hf 5 =EJ2 −EC

Fig. 1-20 Description of Problem 1-17

A 

El. = 0 m 

El. = 50 m 
B

C
El. = 48 m 

J1(1) 
P 

J2

(3) 

(2) 

(4) 

(5) 

Fluid Mechanics 49

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



3. V4 = ½2gd4hf 4=ðf 4L4Þ�0.5
4. Q4 =V4πd24=4

5. V5 = ½2gd5hf 5=ðf 5L5Þ�0.5
6. Q5 =V5πd25=4

7. Q1 =Q4 +Q5

8. V1 =Q1=ðπd21=4Þ
9. hf 1 = f 1L1V

2
1=ð2gd1Þ

10. hp = 60− 10Q2
1

11. EJ1 =EA + hp −hf 1

12. hf 2 =EJ1 −EJ2

13. V2 = ½2gd2hf 2=ðf 2L2Þ�0.5
14. Q2 = ðπd22=4ÞðV2Þ
15. hf 3 =EJ1 −EJ2

16. V3 = ½2gd3hf 3=ðf 3L3Þ�0.5
17. Q3 = ðπd23=4ÞðV3Þ
18. Q1 =Q2 +Q3

Solution Procedure

After studying the equations, one realizes that no equation has a single unknown.
Therefore, a trial-and-error solution would be appropriate. As stated earlier, it is
usually convenient to assume the mechanical energy at a junction or the head
provided by the pump. In this problem, a convenient solution procedure can be
outlined after one assumes the mechanical energy at Junction 2 (EJ2). The 18
equations are written in the exact order in which the equations are solved after
assuming EJ2. The solution procedure is demonstrated in Spreadsheet 1-17. The
value of EJ2 is changed until the Q1 value calculated by Eqs. 7 and 18 are equal.
The assumed value of EJ2 should be greater than EB and Ec, because the flow is
from J2 to Reservoirs B and C. Although the problem has been solved by manual
iterations in Spreadsheet 1-17, it can be solved more conveniently using Goal
Seek.

Solution

The flowrates in Pipes 1 to 5 are 0.064 m3=s, 0.035 m3=s, 0.029 m3=s, 0.028 m3=s,
and 0.036 m3=s; Ej1 = 59.83 m; Ej2 = 53.35 m; and hp = 59.96 m. There is more
than one way to solve this problem. For example, a solution procedure can also
be written if you assume Q4 (or Q5) instead of EJ2.

What-If Analyses

(a) Determine the flowrates in the five pipes, the energy heads, Ej1 and Ej2, and
hp if the water level in Reservoir B is 40 m instead of 50 m. The flowrates in
Pipes 1 to 5 are 0.076 m3=s, 0.042 m3=s, 0.034 m3=s, 0.051 m3=s, and
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0.025 m3=s; Ej1 = 59.76 m; Ej2 = 50.76 m; and hp = 59.94 m. As expected, a
lower water level in Reservoir B results in a higher flowrate through Pipe 4
(0.051 m3=s as opposed to 0.028 m3=s) and a higher total water supply to
both reservoirs (0.076 m3=s as opposed to 0.064 m3=s).

(b) Determine the flowrates in the five pipes, the energy heads, Ej1 and Ej2, and
hp if the friction factor in all pipes is 0.03 (instead of 0.02) indicating older
pipes. The water level in Reservoir B is 50 m. The flowrates in Pipes 1 to 5
are 0.053 m3=s, 0.029 m3=s, 0.024 m3=s, 0.023 m3=s, and 0.029 m3=s;
Ej1 = 59.84 m; Ej2 = 53.35 m; and hp = 59.97 m. As expected, a higher friction
factor in the pipes results in a lower total water supply to both reservoirs
(0.053 m3=s as opposed to 0.064 m3=s) and a lower flowrate in all five pipes.

Assigned Problem 1-17-1

Assume that there is no pump in the system and there is gravity flow from
Reservoirs B and C to Reservoir A. Using the Darcy-Weisbach method, deter-
mine the flowrates in the five pipes and the energy heads, Ej1 and Ej2, at the two
junctions.

Hints

The number of unknowns are now 12 because hp is no longer an unknown. The
available equations are also 12 because the pump characteristic equation is no
longer required. The problem will be much easier to solve using Goal Seek.
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Problem 1-18: Estimation of Pumped Flowrate
in a Pipe Network

Problem Statement

Water from Reservoir A is being pumped to Reservoirs B and C through two
junctions, Junctions J1 and J2, as shown in Fig. 1-20. The pump is located in Pipe
1 and the pump characteristic equation for the pump is hp = 70− 10Q2

1, where hp
is the head provided by the pump in m and Q1 is the flowrate in Pipe 1 in m3=s.
Using the Darcy-Weisbach method, determine the pipe diameter for Pipe 4 if the
desired flowrate to Reservoir B is 0.08 m3=s. Also determine the head provided
by the pump (hp). The water levels in Reservoirs A, B, and C are 0 m, 50 m, and
48 m, respectively. The pipe lengths diameters and friction factors are given in
Spreadsheet 1-18.

Assumptions

(1) Minor losses are negligible; (2) friction factors in all pipes are 0.02.

Background

A brief discussion on the unknowns and available equations is provided
following.

Unknowns and Available Equations

The unknowns and available equations are shown in Appendix Table A-6. Like
Spreadsheet 1-17, this problem also has 13 unknowns. The difference between
this problem and Spreadsheet 1-17 is that d4 is an unknown instead of Q4. The
same 13 equations available for Spreadsheet 1-17 are also available in this
problem. The pump characteristic equation is also so different from the one used
in Spreadsheet 1-17.

Equations

1. V4 =Q4=πd24=4

2. hf 4 = f 4L4V
2
4=ð2gd4Þ

3. EJ2 =hf 4 +EB

4. hf 5 =Ej2 −EC

5. V5 = ½2gd5hf 5=ðf 5L5Þ�0.5
6. Q5 = ðπd25=4ÞðV5Þ
7. Q1 =Q4 +Q5

8. V1 =Q1=ðπd21=4Þ
9. hf 1 = f 1L1V

2
1=ð2gd1Þ

10. hp = 60− 10Q2
1
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11. EJ1 =EA + hp − hf 1

12. hf 2 =EJ1 −EJ2

13. V 2 = ½2gd2hf 2=ðf 2L2Þ�0.5
14. Q2 = ðπd22=4ÞðV 2Þ
15. hf 3 =EJ1 −EJ2

16. V 3 = ½2gd3hf 3=ðf 3L3Þ�0.5
17. Q3 = ðπd23=4ÞðV 3Þ
18. Q1 =Q2 +Q3

Solution Procedure

Because Q4 is known and d4 is unknown, this problem requires a slightly
different solution procedure than Problem 1-17. A trial-and-error solution is
again appropriate, as no equation has a single unknown. In this problem, it is
more convenient to assume d4 instead of EJ2. Although the same 18 equations
used in Problem 1-17 are used in this problem, some of the equations have been
reorganized because the unknown in the equation is different compared with
Problem 1-17. For example, whereas the Darcy-Weisbach equation for Pipe 4
was used to calculate V4 in Problem 1-17 (Eq. 3), in this problem, it is used to
calculate the major head loss hf 4. The value of d4 is changed until the Q1 value
calculated by Eqs. 7 and 18 are equal.

Solution

The required diameter for Pipe 4, d4, was found to be 0.364 m (364 mm).

What-If Analyses

Determine the diameter, d4, if the desired flowrate to Reservoir B (Q4) is
0.06 m3=s (instead of 0.08 m3=s). As expected, a larger pipe diameter will be
required, as the desired flowrate is higher (Answer: 0.258 m).
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Background

This chapter covers the following topics: estimation of flow rate and normal
depth in prismatic channels (Problems 2-1 through 2-5), construction of the
specific energy diagram (SED) and the estimation of critical depth (Problems 2-6
through 2-8), channel transitions (Problems 2-9 through 2-14), hydraulic jumps
(Problems 2-15), and channel design (Problems 2-16 through 2-19). A brief
background is provided for the material covered in these five areas.

Open Channel Flow

An “open” channel is any conduit that has a “free” surface. The pressure at the
free surface is always zero gauge. So irrigation canals, roadside drainage ditches,
roadside gutters, and even roads are considered open channels. Pipes that are
not flowing full are also open channels.

Uniform and Nonuniform Flows

The different types of flows that can occur in an open channel are shown in
Fig. 2-1. This figure shows water flowing underneath a sluice gate located at C.
A sluice gate is used to discharge water in a controlled manner by raising or
lowering the gate (also see Problem 2-14). Open channel flows are classified as
uniform in open channel flows if the water depth does not change. Thus, as
shown in Fig. 2-1, the flow in the section from A to B is uniform flow. It is proper
to assume that the pressure distribution in uniform flows is hydrostatic perpen-
dicular to the direction of flow, i.e., one can use the equation p= γh to calculate
the pressure at any cross section.

If the water depth does change in any section of the channel, the flow is called
“nonuniform.” Nonuniform flows can be gradually varying or rapidly varying,
as shown in Fig. 2-1. If the depth change is gradual with distance, as in Sections

Fig. 2-1 Description of flow in open channels
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BC, DE, and EF, the flow is termed “gradually varying.” Conversely, if the water
depth changes rapidly, as during a hydraulic jump, which occurs in Section DE
of Fig. 2-1, the flow is termed “rapidly varying.” A hydraulic jump, discussed in
more detail in Problem 2-15, is characterized by a rapid change in water level
associated with significant energy loss, which is why there is a significant drop
in the energy grade line (EGL) shown in Fig. 2-1 at Section DE. A key
difference between gradually and rapidly varying flows is that one can assume
that the pressure distribution, perpendicular to the direction of flow, in
gradually varying flows is hydrostatic without introducing significant error.
Therefore, the equation p= γh is applicable for gradually varying flows. How-
ever, this assumption cannot be applied to rapidly varying flows without adding
a significant error.

Depth and Normal Depth

The depth in an open channel flow is the vertical depth from the water
(free) surface to the lowest point in the channel bed. The depth associated
with uniform flow is termed “normal” depth. The normal depth is shown as
yn in Fig. 2-1. The normal depth is usually calculated by Manning’s n

equation:

Q= (Cm=n)(AR2=3)(S1=2) (2-1)

where Q is flowrate, n is Manning’s n or resistance coefficient, A is the
cross-sectional area, R is the hydraulic radius, and S is the channel slope.
Cm is a constant that is equal to 1 when using SI units, or 1.49 when using British
units. When using SI units, Q must have units of m3=s, A must be in m2, and R

must be in m. When using the British system, Q must have units of ft3=s,
A must be in ft2, and R must be in ft. When calculating the water depth under
gradually varying nonuniform flows, S must be replaced by Sf , which is the slope
of the energy grade line (EGL). For example, when calculating the depth at
Section CD of Fig. 2-1, one should use Sf and not S in Manning’s n equation. Note
that under uniform flow conditions, the channel bed is parallel to the EGL and
S = Sf .

Manning’s n

Some typical Manning’s n values are shown in Spreadsheet 2-1. Manning’s
n values are relatively small for channels with smooth surfaces and larger
for rougher surfaces. The reason for assigning different values to Cm under the
two unit systems is to allow using the same value of n regardless of the unit
system.

Concepts in Gradually and Rapidly
Varying Flows

Some of the important concepts involved in gradually and rapidly varying flows
are discussed subsequently.
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Specific Energy; Specific Energy Diagram; and Critical, Subcritical,

and Supercritical Depths

The value of the potential energy—and therefore the mechanical energy—at any
point in an open channel depends on the location of the datum. If the arbitrary
nature of the datum is removed by establishing the datum at the bottom of
the channel, then the mechanical energy is known as specific energy (E). The
specific energy is defined as

E= y+V2=(2g) (2-2)

where y is the channel depth and V is velocity. Eq. (2-2) is a cubic equation,
and there are three values of y that will satisfy this equation. However, only two
of the values are real, whereas the third is imaginary. A plot of y versus E is
known as the specific energy diagram (SED), and a typical plot of the SED is
shown in Fig. 2-2. As shown in Fig. 2-2, the depth at which E has a minimum
value (Emin) is termed the “critical depth” (yc), and the corresponding flow is
known as “critical flow.” As there are two real roots of Eq. (2-2), water can flow
at two different depths for any given value of E greater than Emin. If the water
flows at a depth greater than yc (y1 in Fig. 2-2), then the depth is termed
“subcritical depth,” and the corresponding flow is termed “subcritical flow.” If
the water flows at a depth less than yc (y2 in Fig. 2-2), then the depth is termed
“supercritical depth,” and the corresponding flow is termed “supercritical flow.”
The subcritical depth is known as the alternate depth of the supercritical depth
and vice versa. By definition, the specific energies at the two alternative depths
are equal.

The minimum specific energy can be calculated by substituting yc for y

in Eq. (2-2). Therefore,

E2min = yc +V2
c=(2g) (2-3)

Fig. 2-2 A typical specific energy diagram

Energy (E) 

yc

`

E = y 

y1

y2

Critical Depth 

Subcritical Flow 

Supercritical Flow 

D
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where Vc is the velocity at critical depth, because

Vc =Q=Ac (2-4)

in which Ac is the cross-sectional area at critical depth. For example,

Ac = byc (2-5)

for rectangular cross sections. Substituting Eq. (2-4) in Eq. (2-3) yields

E2min = yc +Q2=(2gA2
c) (2-6)

Estimation of Critical Depth

The proof that the Froude number (Fr) is equal to 1 if the depth is equal to the
critical depth can be found in almost all standard textbooks. The Froude number
is defined as

Fr =V=(gD)0.5 (2-7)

in which D is known as the hydraulic depth. The hydraulic depth, in turn, is
defined as

D=A=T (2-8)

where T is the top width, or the channel width at the water surface. Because
Fr = 1 at critical depth, combining Eqs. (2-7) and (2-8), substituting V =Q=A and
A=Ac, and squaring both sides of the equation, one can show that at critical
depth the term

Q2T=(gA3
c)= 1 (2-9)

Also, by substituting T = b in Eq. (2-9) and Eq. (2-5) into Eq. (2-9), one can show
that the critical depth for rectangular cross sections can be determined by

yc = q2=(g)(1=3) (2-10)

Finally, substituting Eqs. (2-5) and (2-10) into Eq. (2-6), one can show that for
rectangular cross sections

Emin = 1.5yc (2-11)

Channel Transitions

A channel transition causes a change in the flow depth. Examples of five types of
channel transitions are provided in this book. These examples show the
calculations of the changes in flow depth because of (a) sudden change in
channel bed elevation (Problems 2-9 and 2-10); (b) change in channel geometry
(e.g., channel constriction; Problems 2-11 and 2-12); (c) change in the slope of
the channel bed (Problem 2-13); (d) presence of a sluice gate (Problem 2-14);
and (e) hydraulic jump (Problem 2-15). The first four transitions (a through d)
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occur as gradually varying flow, whereas the hydraulic jump is an example of
rapidly varying flow. The reasons for changes in flow depths because of the
transitions occurring in gradually varying flows can be explained with the help of
an SED.

Open Channel Design

Channel design is generally divided into two categories: (a) unlined or erodible
channels or (b) lined or nonerodible channels. Channels with channel
beds consisting of natural earthen material, such as sand, silt, volcanic ash,
gravel, grass, cobbles, etc., are considered to be erodible channels. Nonerodible
materials can be either “rigid” or “flexible.”Materials used to form the lining of a
rigid channel are usually cast-in-place concrete, grouted riprap, stone masonry,
or a soil-cement combination. Flexible linings include vegetation, riprap, and
gravel. Rigid channels can carry water at much higher velocities and, therefore,
have smaller cross sections and use less land space; this could be an important
criterion if land is expensive. However, rigid boundary channels are subject to
failure from structural instability. Flexible channels, however, cannot carry
water at a very high velocity, as erosion can be a concern. The advantage of
using flexible channels is that they are less expensive.

Design of Erodible (Unlined) Channels

Erodible channels are usually designed by two methods: (i) the “permissible
velocity method” and (ii) the “tractive force method.” An example of the
permissible velocity method is described in Problem 2-16. The permissible
velocity, V , is the maximum possible velocity that would not erode the channel
bottom or sides. Typically, the value of V depends on the type of soil. Relatively
higher velocities are allowed for clay soils (1.8 m=s) as opposed to sandy soils
(0.6 m=s). However, there are additional factors, such as whether the water is
transporting colloidal silts or if the channel is straight or curved, that can factor
in the selection of allowable velocity. Similarly, the minimum possible value of
the side slope (m) for a trapezoidal channel depends on the type of soil. For
example, m= 1 can be used for clay soils, but a minimum value of 3 should be
used for sandy loams. More information about permissible velocities and side
slopes can be obtained from Chow (1959) and Chaudhry (1993). Under some
circumstances, the permissible velocity method will not provide a suitable
design. In that case, one could apply the modified permissible velocity method,
which is discussed in Problem 2-17.

Design of Nonerodible (Lined) Rigid Channels

Lined channels are usually trapezoidal in shape and are designed by the “most
efficient hydraulic section method” also known as the “best hydraulic section
method.” Two possibilities exist within the most efficient hydraulic section
method for trapezoidal channels: (a) the side slope (m) must be 0.5774 (1=

p
3),

or (b) the side slope value has a value other than 0.5774 and is specified by a
regulatory agency or by local code. The U.S. Bureau of Reclamation, for
example, recommends a side slope value of 1 vertical to 1.5 horizontal
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(m= 1.5). Because channel lining is expensive, the goal of the most efficient
hydraulic section method is to minimize the wetted parameter, P. For trapezoidal
channels:

P = 2y(1+m2)0.5 + b (2-12)

where y is the depth, b is the bottomwidth, andm is used to define the side slope
and is the ratio of the horizontal distance to the vertical distance. To obtain the
minimum P, one must satisfy two equations: dP=dy= 0 and dP=dm= 0. If m is
specified, then dP=dm is not required, and

dp=dy= 2y(1+m2)0.5 = 0 (2-13)

does not yield anything meaningful. However, ifm is not specified, then a useful
equation can be derived as described subsequently. For trapezoidal channels

A=my2 + by (2-14)

If one defines a parameter q 0 = b=y, then dividing Eq. (2-14) by y2 and rearran-
ging, the resulting equation will be

y= ½A=(m+ q 0)�0.5 (2-15)

Rearranging Eq. (2-14) one obtains

b= (A−my2)=y (2-16)

Substituting Eq. (2-16) into Eq. (2-12) yields

P = 2y(1+m2)0.5 + (A−my2)=y (2-17)

Taking the derivative of P with respect to y, setting dP=dy equal to zero, and
rearranging the equation, one obtains

b=y= 2y½(1+m2)0.5 −m� (2-18)

Because q 0 = b=y, substituting for b=y in Eq. (2-18), one obtains

q 0 = 2y½(1+m2)0.5 −m (2-19)

The application of Eqs. (2-15) and (2-19) is shown in Problems 2-18 and 2-19,
respectively.
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Problem 2-1: Estimation of Flowrate
in a Composite Cross Section

Problem Statement

Determine the flowrate in a compound cross section, shown in Fig. 2-3, if the bed
slope, S = 0.0006, and the depth, y, in the main channel is 6 m. Manning’s
n= 0.065 for the overbank section and 0.015 for the main channel.

Background

If Manning’s n values are different for the overbank areas and the main channel,
then the composite cross section must be divided into subsections such that
each subsection can be defined by a single Manning’s n value. The composite
cross section of Fig. 2-3 should be divided into three subsections as shown in
Fig. 2-3. The depth shown for each section (Spreadsheet 2-1) is from the channel
bed. The total flowrate is the sum of the flowrates from each subsection.

Assumption

Uniform flow

Equations

1. A1 = b1y1

2. P1 = b1 +y1

3. R1 =A1=P1

4. Q1 = (Cm=n)(A1R
2=3
1 )(S1=2)

5. A2 = b2 × y2

6. P2 = (4+ b2 + 5)m

7. R2 =A2=P2

Fig. 2-3 Description of Problem 2-1

30 m

1 m

Main Channel 

Overbank Overbank 

I 
III 

II100 m

4 m

y = 6 m 
5 m

160 m
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8. Q2 = (Cm=n)(A2R
2=3
2 )(S1=2)

9. A3 = b3 × y3

10. P3 = b3 + y3

11. R3 =A3=P3

12. Q3 = (Cm=n)(A3R
2=3
3 )(S1=2)

13. QT =Q1 +Q2 +Q3

where P is the wetted perimeter, i.e., the length of the channel that is in contact

with the water.

Solution Procedure

The solution procedure required the calculation of parameters using Eqs. 1 to 13
in the order shown. Manning’s n value used in Eq. 4 is for the main channel, and
the value used in Eqs. 8 and 12 are for the overbank section.

Solution

The answer is 993 m3=s as shown in Spreadsheet 2-1.

What-If Analyses

A what-if analysis shows that

(a) The flowrate decreases to 504m3=s if the depth in Section 2 reduces from
6m to 4.5 m. Note that in this case the flowwill be only through Subsections
1 and 2.

(b) The flowrate decreases to 257m3=s if the depth in Section 2 reduces from
6 m to 3 m. Note that in this case the flow will be only through Subsection 2.

Assigned Problem 2-1-1

Determine the flowrate for the road and gutter cross section shown in Fig. 2-4 if
p= 0.15 m, q= 0.2 m, y= 0.3 m, n1 = 0.015, n2 = 0.013, and S = 0.0006.

Fig. 2-4 Road and gutter cross section

y 

0.5 m 

n = n1 n = n2

3.6 m 

p 
q 

64 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 2-2: Estimation of Normal Depth
in a Rectangular Cross Section

Problem Statement

Determine the normal depth, yn, for a rectangular cross section if the bed slope
S = 0.004, the flowrate Q= 25 m3=s, Manning’s n= 0.012, and the channel width
b= 4 m.

Background

The description of normal depth provided in Section 2.

Equations

1. A= byn

2. P = b+ 2yn

3. R=A=P

4. Q= (Cm=n)(AR2=3)(S1=2)

Solution Procedure

Different values of the normal depth were assumed until the calculated flowrate,
Q= 25 m3=s.

Solution

The answer is 1.37 m as shown in Spreadsheet 2-2.

What-If Analyses

A what-if analysis shows that

(a) The normal depth increases to 1.68 m if the channel is lined with rough
asphalt (n= 0.016). This makes sense because a higher Manning’s n (0.016
compared with 0.012) implies that more resistance is provided to the flow.
More resistance to flow will cause a lower flow velocity, which, in turn, will
lead to a higher cross-sectional area being occupied by the water asQ=VA,
and Q is still 25 m3=s. A higher cross-sectional area implies a higher normal
depth, as A= byn and b is still 4 m.

(b) The normal depth increases to 6.03 m if the channel bed is earthen with
overgrown weeds (n= 0.080).

Assigned Problem 2-2-1

Solve Problem 2-2 using Goal Seek.
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Problem 2-3: Estimation of Normal Depth
in a Trapezoidal Cross Section

Problem Statement

Determine the normal depth, yn, for a trapezoidal cross section if the bed slope
S = 0.0019, the flowrate Q= 10m3=s, Manning’s n= 0.013, the channel width
b= 3 m, and the side slope ratio, m, is 2 horizontal to 1 vertical (2H∶1V). Thus,
m= 2 in this problem.

Background

This problem is very similar to Problem 2-2 except that the equations for
calculating A and P are different from those used in Problem 2-2.

Assumption

Uniform flow

Equations

1. A=my2n + byn

2. P = 2(my2n +y2n)0.5 + b

3. R=A=P

4. Q= (Cm=n)(AR2=3)(S1=2)

Solution Procedure

Different values of the normal depth were assumed until the calculated flowrate,
Q= 10 m3=s.

Solution

The answer is 0.88 m as shown in Spreadsheet 2-3.

What-If Analyses

A what-if analysis shows that the normal depth decreases to 0.774 m if the
channel side slope becomes flatter and m is increased to 4 (from 2).

Assigned Problem 2-3-1

Determine the normal depth for a trapezoidal cross section with unequal side
slope; the side slopes for the two sides are m1 = 2.5 and m2 = 3.5. Also b= 4 m,
Q= 30 m3=s, n= 0.014, and S = 0.0004.
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Problem 2-4: Estimation of Normal Depth
in a Composite Cross Section

Problem Statement

Determine the normal depth, yn, for the composite cross section shown
in Fig. 2-3 if the bed slope= 0.0006 and the flowrate Q= 400m3=s. Manning’s
n= 0.065 for the overbank section, 0.015 for the main channel.

Background

This problem is similar to Problem 2-1 as it has the same exact cross section.
The difference is that in Problem 2-1 the normal depth was given and one
had to find flowrate. In this problem, the flowrate is given and one has to
find the normal depth, yn. This problem is slightly trickier compared with
Problem 2-1 because the normal depth could be in three different zones or
criteria for this particular cross section: (i) yn < 4 m, (ii) 4 m<yn < 5 m, and
(iii) yn > 5 m. Each composite cross section will have its own set of possible
criteria.

Assumption

Uniform flow

Equations

See equations for Problem 2-1.

Solution Procedure

First, you need to find which of the three criteria will apply for this problem.
One way to determine this is by assuming y2 = 4 m and determining the flowrate.
Under this condition, the flow will take place only in Section 2. The flowrate
is 415 m3=s at y2 = 4 m (Spreadsheet 2-4). Because the given flowrate Q

(400 m3=s), is less than 415m3=s, the normal depth will be less than 4 m and

the flow will be only in Subsection 2 if Q= 400m3=s.

Solution

The answer is 3.92 m as shown in Spreadsheet 2-4.

What-If Analyses

A what-if analysis shows that

(a) The normal depth increases to 4.84 m if the flowrate is increased to
600 m3=s (from 400m3=s). In this case, the flow will be only in Sections
1 and 2 (why?).
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(b) The normal depth increases to 5.51 m if the flowrate is increased to
800 m3=s (from 400 m3=s). Under these conditions, the flow will be in all
three subsections.

Assigned Problem 2-4-1

Determine the normal depth for the cross section shown in Fig. 2-4 if the flowrate
is (a) 0.4 m3=s and (b) 0.1 m3=s.

68 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 2-5: Estimation of Normal Depth in a
Circular Pipe Using Manning’s n Equation

Problem Statement

Determine the normal depth in a circular pipe with a diameter d= 0.25 m, under
uniform conditions, if the bed slope= 0.01, Manning’s n= 0.012, and the flowrate
(a) Q= 0.02 m3=s, (b) Q= 0.05 m3=s, and (c) Q= 0.1 m3=s.

Background

This is very similar to Problems 2-1 and 2-2 except the equations for calculating
A and P will be different from those used in Problems 2-1 and 2-2. Also, a circular
pipe can carry a maximum amount of flowrate before it becomes full. Manning’s
n equation will not apply if the pipe is flowing full.

Assumption

Uniform flow

Equations

1. Cosθ=ABS½(yn−d=2)=(d=2)�
2. θ=Cos−1(Cosθ)

3. A= (d2=4)(θ−SinθCosθ) (for yn < r)

4. A= (d2=4)(π−θ+ SinθCosθ) (for yn > r)

5. P = 2rθ (for yn < r)

6. P = (2r)(π−θ) (for yn > r)

7. R=A=P

8. Q= (Cm=n)(AR2=3)(S1=2)

where r is the radius of the pipe, and the angle θ is defined in Fig. 2-5 for both
yn < r and yn > r. The equations for estimating the cross-sectional area and the
wetted perimeter are different if the normal depth is below (Eqs. 3 and 5) or
above the center of the pipe (Eqs. 4 and 6).

Fig. 2-5 Description of Problem 2-5

yn

y < >n 

yn

yn 
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Solution Procedure

An “IF” statement is required when calculating A and P because two equations
are possible depending on whether yn < r or yn > r. Different values of yn are
assumed, and the various parameters are calculated using the aforementioned
equations until the value of the flowrate calculated in the last column is equal
to a given flowrate. Spreadsheet 2-5 shows two iterations for Problem 2-5a
(yn = 0.1 m and yn = 0.095 m) and two iterations for Problem 2-5b (yn = 0.15 m
and yn = 0.165 m).

Solution

The normal depths for Problems 2-5a and 2-5b are 0.095 m and 0.165 m,
respectively. No solution is possible for Problem 2-5c, because the desired yn
is greater than the pipe diameter.

What-If Analyses

Conduct a what-if analysis to demonstrate that the normal depth will decrease if
the pipe slope increases by plotting a graph of yn versus S, keeping all other
parameters the same as those of Problem 2-5.

Assigned Problem 2-5-1

Solve Problem 2-5 using Goal Seek.

Assigned Problem 2-5-2

Using Fig. 2-5, derive Eqs. 3, 4, 5, and 6.

Assigned Problem 2-5-3

Assume that pipes can be purchased in increments of 0.25 m (0.25 m, 0.5 m, etc.).
At what minimum pipe diameter, d, can the pipe of Problem 2-5 carry a
flowrate, Q= 0.1 m3=s? All other parameters, except diameter, are identical to
Problem 2-5.

Assigned Problem 2-5-4

Assume that pipes can be purchased in increments of 0.25 m (0.25 m, 0.5 m, etc.).
At what minimum pipe diameter, d, can the pipe of Problem 2-5 carry a flowrate,
Q= 1.2 m3=s. All other parameters, except diameter, are identical to Problem 2-5.
What will be the normal depth in the pipe under these conditions?

Hint

You can use the spreadsheet of Problem 2-5 to solve this problem.

Assigned Problem 2-5-5

Prove that (i) Cosθ=ABS½(yn−d=2)=(d=2)�, (ii) A= (d2=4)(θ−SinθCosθ) if yn < r,
and (iii) A= (d2=4)(π−θ+ SinθCosθ) if yn > r.

70 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 2-6: Plotting a Specific Energy Diagram

Problem Statement

Plot the specific energy diagram (SED) for a trapezoidal channel with a width of
b= 3 m and side slopes of 1∶2.25 vertical to horizontal. Therefore, the vertical to
horizontal ratio is m= 2.25. The flowrate is Q= 40m3=s.

Background

The SED is an important plot in the field of open channel flows. You need to
know the channel shape, dimensions, and flowrate to plot the SED; the values of
Manning’s n and bed slope are not required. An SED becomes a particularly
useful tool when you have to determine the change in channel depth because of
channel transitions, such as change in channel width, change in channel
geometry, or change in bed slope elevation. Although it is possible to quantita-
tively determine the depth changes because of channel transitions without using
the SED, the SED is a useful tool to explain why these changes occur. This is
demonstrated in subsequent problems.

Assumption

Uniform flow

Equations

1. A=my2 + by

2. V =Q=A

3. E= y+V2=(2g)

Solution Procedure

A value of y was assumed and the corresponding values of E were computed
using Eqs. 1 to 3, as shown in Spreadsheet 2-6. Values of y should be selected so
that the E values are similar for the upper and lower limbs, as shown in Fig. 2-6.
Plot E on the x-axis and y on the y-axis. Typically, the scale of the x and y axes
should be identical.

Solution

The SED is plotted in Fig. 2-6.

What-If Analyses

Conduct a what-if analysis by plotting the necessary SEDs to show that

(a) The SED moves to the left as b increases to 10 m (from 3 m). The SED will
always move to the left if the cross-sectional area A increases. This is
demonstrated in Fig. 2-6.
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(b) The SED moves to the right as b decreases to 0.5 m (from 3 m). The SED
will always move to the right if the cross-sectional area A decreases.

(c) The SED moves to the right as Q increases to 100m3=s (from 100m3=s;
b= 3 m). The SEDwill always move to the right if the flowrate increases and
all other parameters remain the same.

Fig. 2-6 Specific energy diagrams for Problem 2-6
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Problem 2-7: Determine the Critical Depth
of a Trapezoidal Cross Section

Problem Statement

Determine the critical depth, yc, for a trapezoidal cross section if the flowrate
Q= 10 m3=s, the channel width b= 3 m, and the side slope ratio is 4 horizontal to 1
vertical (4H∶1V). The side slope is characterized by a parameter, m, which is the
ratio of the horizontal distance to the vertical distance. Thus,m= 4 in this problem.

Background

It can be shown that the Froude number is Fr = 1 at critical depth yc. As shown in
Section 2, this also implies that the parameterQ2T=(gA3)= 1 at y= yc. The values
of Fr and Q2T=(gA3) will be greater than 1 if the flow is supercritical and less
than 1 if the flow is subcritical. This is another way of determining if the flow is
subcritical or supercritical. The starting equation for determining critical depth
can be either Fr = 1 orQ2T=(gA3)= 1, although it is more convenient to start with
the latter equation.

Equations

1. A=my2c + byc

2. T = 2myc + b

3. Parameter= (Q2T)=(gA3)

4. D=A=T

5. V =Q=A

6. Fr =V=(gD)0.5

Solution Procedure

A value of yc was assumed (1 m) and the corresponding values ofQ2T=(gA3) and
Fr were calculated using Eqs. 1 to 5. The value of yc for which Q2T=(gA3) or
Fr = 1 is the critical depth. Eqs. 4 to 6 are really not needed, because it is
sufficient to calculate the termQ2T=(gA3). However, Fr was calculated mainly to
demonstrate that Fr = 1 when Q2T=(gA3)= 1.

Solution

The critical depth yc = 0.75 m as shown in Spreadsheet 2-7.

What-If Analyses

A what-if analysis shows that

(a) The critical depth increases to 2.3 m if Q increases from 10m3=s to 20m3=s.
(b) The critical depth increases to 0.99 m if b decreases from 3 m to 0.5 m

(Q= 10m3=s).
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The analyses show that the critical depth increases when the flowrate is
increased or the cross section area is decreased. An identical conclusion can
be made from the SEDs of Problem 2-6.

Assigned Problem 2-7-1

Determine the critical depth for a trapezoidal cross section with unequal side
slope; the side slopes for the two sides are m1 = 2.5 and m2 = 3.5. Also b= 4 m,
Q= 30 m3=s, n= 0.014, and S = 0.0004.
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Problem 2-8: Determine the Critical Depth
of a Composite Cross Section

Problem Statement

Determine the critical depth, yc, for the composite cross section of Fig. 2-3.
The flowrate is Q= 400 m3=s.

Background

Calculating the critical depth of a composite cross section is slightly tricky,
because the equations for computing yc may change depending on the value of
yc. For example, the equations for this particular cross section will be different
if (i) yc < 4 m, (ii) 4 m< yc < 5 m, or (iii) yc > 5 m.

Equations

For yc < 4 m

1. A= b2yc

2. T = b2

For 4 m< yc < 5 m

3. A= b1(yc–4)+ b2yc

4. T = b1 + b2

For yc > 5 m

5. A= b1(yc−4)+ b2yc + b3(yc−5)

6. T = b1 + b2 + b3

In addition, one can calculate the flowrate, Q by

7. Q= (gA3=T)0.5

8. Parameter= (Q2T)=(gA3)

Solution Procedure

Assume a value of yc, and compute the corresponding values of Q and Q2T=(gA3)
using a combination of the equations listed. For example, you should use Eqs. 3, 4,
and 7 if the assumed yc is between 4 m and 5 m. The trial-and-error solution
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will indicate the correct range of value for yc. For example, Q= 752 m3=s when
yc = 4 m. Therefore, yc must be less than 4 m if the given Q= 400 m3=s as in this
problem.

Solution

The critical depth yc = 2.63 m as shown in Spreadsheet 2-8.

Assigned Problem 2-8-1

Determine the critical depth, yc, for the composite cross section of Fig. 2-3 if
(a) the flowrate is Q= 1,000 m3=s and (b) the flowrate, Q= 2,000 m3=s. What
equations did you use in calculating the answers to Parts a and b?
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Problem 2-9: Channel Transition: Determine the
Downstream Normal Depth if There Is a Sudden

Rise or Drop in the Channel Bed
(No-Choke Condition)

Problem Statement

The flowrate, Q, in a rectangular channel is 20 m3=s. The channel width is
b= 5 m. There is a plan to raise the channel bed by 0.2 m (Δz= 0.2 m). Assume
that Sections 1 and 2 lie just upstream and downstream of the sudden rise, as
shown in Fig. 2-7. The depth, y1, at Section 1 is 2 m. Determine the depth, y2, that
will occur at Section 2 as a result of raising the channel bed.

Background

It is assumed that the channel bed is horizontal and that no energy loss occurs
between Sections 1 and 2, i.e., the energy grade line is also horizontal (Fig. 2-7).
A sudden rise (Δz) in the channel bed causes the specific energy at Section 2, E2,
to decrease compared with E1. In this problem, the change in the channel bed
elevation is not sufficiently large to cause E2 to become less than E2min (Fig. 2-7),
which is the minimum specific energy required at Section 2. This is called the
“no-choke condition.” Under the no-choke condition, the flow type at Section 2
will be subcritical if the flow at Section 1 is subcritical and will be supercritical if
the flow at Section 1 is supercritical.

Assumptions

The channel bed is horizontal, and no energy loss occurs between Sections 1
and 2.

Fig. 2-7 Description of Problem 2-9 (no-choke condition,
i.e., E2 > E2 min)

y1

EGL 

E2

E2 min y2

Δz (rise) 

Section 1 

Section 2 

E1
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Equations

1. A1 = b1y1

2. V1 =Q=A1

3. E1 = y1 +V 2
1=(2g)

4. E2 =E1−Δz

5. y1c = ½(Q2=b21)=(g)�(1=3)
6. y2c = ½(Q2=b22)=(g)�(1=3)
7. E2min = (1.5)(y2c)

8. A2 = b2y2

9. V2 =Q=A2

10. E2 = y2 +V 2
2=(2g)

Solution Procedure

The values of E2 and E2min are compared (Spreadsheet 2-9) to determine if a
choke has occurred. In this case, a choke has not occurred, because E2 (2.00 m)
is greater than E2min (1.77 m). Because a choke has not occurred, assume a value
of y2 (Spreadsheet 2-9) until E2 = 2.00 m. Note that, as expected, there are
two values of y2 (1.73 m and 0.84 m) that provide E2 = 2 m (Spreadsheet 2-9).
These values are the two real roots of Eq. (2-2). However, because the depth at
Section 1 is subcritical (y1 > yic), the depth at Section 2 must also be subcritical,
i.e., y2 > y2c, and the correct answer is 1.73 m. Note that Eq. 1 and Eqs. 5 through
8 are applicable only for rectangular sections.

Solution

The depth y2, at Section 2, is 1.73 m. It is interesting to note that, contrary to
intuition, the depth at Section 2 decreases compared with the depth at Section 1

as a result of the rise in channel bed elevation.

What-If Analyses

A what-if analysis shows that

(a) y2new decreases to 1.56 m as a result of a 0.3 m rise in bed elevation (instead
of a 0.2 m rise).

(b) y2new increases to 3.2 m as a result of a 1 m drop (Δz=−1 m) in bed
elevation.

Assigned Problem 2-9-1

Showing all steps, prove Eqs. (2-10) and (2-11).

Assigned Problem 2-9-2

Determine the minimum value of Δz at which a choke will form, i.e., E2 will
become equal to E2min.
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Assigned Problem 2-9-3

Using Goal Seek, determine the minimum value ofΔz at which a choke will form,
i.e., E2 will become equal to E2min, if b1 and b2 are equal to 4 m and all other
parameters are the same as Problem 2-9.

Assigned Problem 2-9-4

Determine the value of y2 if the channel of Problem 2-9 was a trapezoidal
channel with side slopes having horizontal to vertical ratios of 4 to 1. All other
parameters are the same as Problem 2-9.

Hint

Eq. 1 and Eqs. 5 through 8 will no longer apply, and E2min will have to be
calculated using Eq. (2-3).
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Problem 2-10: Channel Transition: Determine the
Normal Depths if There Is a Sudden Rise or Drop

in the Channel Bed (Choke Condition)

Problem Statement

The flowrate, Q, in a rectangular channel is 20 m3=s. The channel width is b= 5 m.
There is a plan to raise the channel bed by 2 m (Δz= 2 m). Assume that Sections 1
and 2 lie just upstream and downstream of the sudden rise, as shown in Fig. 2-8.
The depth, y1, at Section 1, prior to change in bed elevation, is 2 m. Determine the
depth, y2, that will occur at Section 2 as a result of raising the channel bed. Also,
determine the new channel depth, y2new, as a result of the choke.

Background

This problem demonstrates the calculations of y2 and y1new if Δz is large enough
to create a choke at Section 2. The higher the rise in channel bed, the lower will
be the drop in the specific energy at Section 2 (E2). At some value ofΔz, which is
termed Δzcr , E2 will become equal to E2min. A choke will form at Section 2 if the
drop in specific energy is such that E2 ≤ E2 min, which is the minimum specific
energy required at Section 2. When a choke forms, sufficient energy is added to
the system owing to the rise in channel bed (or channel constriction as
discussed in the next problem), such that E2 becomes equal to E2min. In effect,
the added specific energy, ΔE=E2 −E2min, leads to the formation of a new
energy grade line, which is shown in Fig. 2-8. As a result, the specific energies at
Sections 1 and 2, respectively, increase to Einew and E2new where E2new =E2min
and E1new =E2 min +Δz, as shown in Fig. 2-8. Under choke conditions y2 is equal
to the critical depth at Section 2 (y2c). Furthermore, the upstream depth, y1, also
increases to y1new under choke conditions (Fig. 2-8). The depth y1new must be

subcritical after a choke occurs, irrespective of the initial flow condition at
Section 1, i.e., irrespective of whether the flow was subcritical or supercritical at
Section 1 prior to change in the bed elevation.

Fig. 2-8 Description of Problem 2-10 (choke condition,
i.e., E2 <E2 min)

E1 new 

y1 

E1 

New EGL 

E2 
E2 min or  E2 new 

Δz (rise) 

Original EGL 

y1new 

ΔE 
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Assumptions

Assume that the channel bed is horizontal, and no energy loss occurs between
Sections 1 and 2.

Equations

1. A1 = b1y1

2. V 1 =Q=A1

3. E1 = y1 +V 2
1=(2g)

4. E2 =E1−Δz

5. y1c = ½(Q2=b21)=(g)�(1=3)
6. y2c = ½(Q2=b22)=(g)�(1=3)
7. E2min = (1.5)(y2c)

8. E1new =E1 + (E2min−E2)

9. A1new = b1y1new

10. V 1new =Q=A1new

11. E1new = y1new +V2
1new=(2g)

where A1new and V1new are the respective area and velocity at Section 1 after bed
construction.

Solution Procedure

The values of E2 and E2min are compared (Spreadsheet 2-10) to determine if a
choke has occurred. In this case a choke has occurred, because E2 (0.2 m) is less
than E2min (1.77 m). Because a choke has occurred, y2 =y2c. Also, y1new is deter-
mined by trial and error as shown in Spreadsheet 2-10a by assuming values of y1new
until E1new = 3.77 m. Note that y1new = 3.71 m and 0.5 m both provide an E1new =
3.77 m. But the new depth at Section 1must be subcritical depth, i.e., y1new must be
greater than y1c. Therefore, the correct answer is 3.77 m and not 0.5 m.

Solution

y2new = 3.71 m. The value of y1new increases from 2 m to 3.71 m as a result of the
2 m rise in bed elevation.

What-If Analyses

A what-if analysis shows that y1new would increase from 2 m to 6.75 m as a result
of a 5 m dam construction; a dam construction is similar to a change in bed
elevation.

Assigned Problem 2-10-1

Determine the value of y2 and y1new if y1 were equal to 0.6 m instead of 2 m. All
other parameters are the same as Problem 2-10.

Hydraulics 81

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 2-11: Channel Transition: Determine
the Change in Depth because of Channel

Constriction (or Expansion)

Problem Statement

The flowrate, Q, in a rectangular channel is 20 m3=s, and the channel width at
Section 1 (b1) is equal to 5 m. Encroachment in the channel (Fig. 2-9) causes the
channel width at Section 2 (b2) to be 4 m. The depth, y1, at Section 1 is 2 m prior
to the bridge construction. Determine the depth, y2, which will occur at the
constricted section.

Background

As shown in Problem 2-6, a constriction in the channel geometry at Section 2 will
shift the SED to the right. Thus, unlike Problems 2-9 and 2-10, there will be
separate, specific energy diagrams for Sections 1 and 2. A constriction will result
in an increase in the critical depth and in the minimum specific energy required
to maintain flow. The shifting in the SED causes a change in the depth at Section
2 (y2), even though the specific energies at Sections 1 and 2, E1 and E2, are equal.
A choke will form at Section 2 if the minimum specific energy required to
maintain flow in Section 2 (E2min) is less than E2.

Assumptions

Assume that the channel bed is horizontal, and no energy loss occurs between
Sections 1 and 2.

Equations

1. A1 = b1y1

2. V1 =Q=A1

Fig. 2-9 Description of Problem 2-11

b1

Section 2 Section 1 

b2

Encroachment 
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3. E1 = y1 +V 2
1=(2g)

4. E2 =E1

5. y1c = ½(Q2=b21)=(g)�(1=3)
6. y2c = ½(Q2=b22)=(g)�(1=3)
7. E2min = (1.5)(y2c)

8. A2 = b2y2

9. V 2 =Q=A2

10. E2 = y2 +V 2
2=(2g)

Solution Procedure

The calculations are shown in Spreadsheet 2-11. A comparison of the values of
E2 and E2min indicates that a choke has not occurred, because E2 (2.2 m) is
greater than E2min (2.05 m). Because a choke has not occurred, assume a value
of y2new (Spreadsheet 2-11a) until E2 = 2.2 m.

Solution

Two values of y2 provide a value of E2 = 2.20 m (Spreadsheet 2-11a); however,
y2 = 1.81 m is the correct value, because the flow at Section 1 was subcritical
prior to the bridge construction (y1 > y1c).

What-If Analyses

Using a what-if analysis and plotting a graph of y2 versus Q show that y2 will
decrease as Q increases (all other parameters remain the same).

Assigned Problem 2-11-1

At some critical value of Q, y2 will become equal to y2c, and a choke will occur.
Determine this critical value of Q.

Assigned Problem 2-11-2

Determine the value of y2 and y1new if b2 is equal to 3 m instead of 4 m. All other
parameters are the same as Problem 2-11.

Hint

Note that this will be a choke condition.

Assigned Problem 2-11-3

Determine the value of y2 if y1 is equal to 0.7 m instead of 2 m. All other
parameters are the same as Problem 2-11.

Hint

The flow in Section 1 is now supercritical.
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Problem 2-12: Channel Transition: Determine the
Change in Depth if There Is a Channel

Constriction and a Change
in Elevation Bed

Problem Statement

The flowrate, Q, in a rectangular channel is 20 m3=s. The channel constricts from a
width of 5 m at Section 1 to 4 m at Section 2. In addition, the channel bed at
Section 2 is elevated by 1 m (Δz= 1 m) compared to Section 1. The depth, y1, at
Section 1 is 2 m. Determine the depths y1new and y2 at Sections 1 and 2,
respectively.

Background

This problem combines the effect of the bed elevation and channel constriction
discussed in Problems 2-9 to 2-11.

Assumptions

Assume that the channel bed is horizontal, and no energy loss occurs between
Sections 1 and 2.

Equations

1. A1 = b1y1

2. V1 =Q=A1

3. E1 = y1 +V 2
1=(2g)

4. E2 =E1−Δz

5. y1c = ½(Q2=b21)=(g)�(1=3)
6. y2c = ½(Q2=b22)=(g)�(1=3)
7. E2min = (1.5)(y2c)

8. E1new =E2min +Δz

9. A1new = b1y1new

10. V1new =Q=A1new

11. E1new =y1new +V2
1new=(2g)

Solution Procedure

The values of E2 and E2min are compared to determine if a choke has occurred. In
this case a choke has occurred, because E2 (1.20 m) is less than E2min (2.05 m).

Solution

Because a choke has occurred, y2 will be equal to y2c. Also, the value of y1 will
change to y1new, which is calculated in Spreadsheet 2-12. The value of
y1new = 3.04 m.
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What-If Analyses

Conduct a what-if analysis by plotting a graph between y1new and b2, and
show that the value of y1new will increase if the channel width is lowered to
below 4 m.

Assigned Problem 2-12-1

Using Goal Seek, determine the highest possible value of b2 (b2crit) at which a
choke will occur. All other parameters are the same as Problem 2-12.
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Problem 2-13: Calculate the Critical Slope
for a Trapezoidal Cross Section and Determine

if the Bed Slope Is Mild or Steep

Problem Statement

The flowrate,Q, in a trapezoidal channel is 60 m3=s. The channel width is b= 3 m.
The side slope, characterized by a parameter, m, the ratio of the horizontal
distance to the vertical distance, is equal to 2 (m= 2). The channel has a bed
slope S = 0.0019 andManning’s n= 0.013. Determine if the slope will act as a mild
(M) or steep (S) slope under uniform flow conditions.

Background

The critical slope, Sc, is the bed slope at which the critical depth (yc) is equal to
the normal depth, yn, under uniform flow conditions. A bed slope is considered
mild if it is less than the critical slope and steep if it is greater than the critical
slope. Under uniform flow conditions, the flow is always subcritical (yc < yn) on
a mild slope and always supercritical (yc > yn) on a steep slope.

Assumption

Uniform flow

Equations

Using the equations of Problem 2-7, calculate the critical depth as shown in
Spreadsheet 2-13a. The equations for Spreadsheet 2-13b are

1. A=my2c + byc

2. P = 2(my2c +y2c)0.5 + b

3. R=A=P

4. Sc = ½(Qn)=(CmAR2=3)�2

Solution Procedure

As shown in Spreadsheet 2-13a, the value of yc is calculated using the equations
and solution procedure for Problem 2-7. The value of Sc is calculated in
Spreadsheet 2-13b. The normal depth will be greater than the critical depth
for the given conditions if the flow was uniform.

Solution

The critical depth, yc = 0.86 m. Because S (0.0019) is smaller than Sc (0.0021), the
bed slope is considered to be mild.
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What-If Analyses

Conduct a what-if analysis by plotting a graph of Sc versus Q and show that the
critical slope decreases as Q increases.

Assigned Problem 2-13-1

Determine the value of Q at which the slope of Problem 2-13 will start acting as a
steep slope.
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Problem 2-14: Calculate the Alternate Depth for a
Trapezoidal Cross Section

Problem Statement

Determine the depth, y1, just upstream of a sluice gate (Section 1) in a
trapezoidal cross section if the flowrate Q= 10 m3=s, the channel width
b= 3 m, the side slope ratio is four horizontal to one vertical (m= 4), and the
depth just downstream of the sluice gate (Section 2) y2 = 0.5 m. In this problem,
the critical depth, yc = 0.75 m (from Problem 2-7).

Background

A sluice gate is raised or lowered to control the water level and flowrate in an
open channel. As energy loss across a sluice gate is negligible, it is assumed that
the specific energies on both sides of the gate (Sections 1 and 2), E1 and E2, are
equal. Depths with equal specific energies are known as alternate depths as
described in Section 2. Thus, the depths on either side of the gate may be
alternate depths. For example, if the gate is lowered to a point where the depth
downstream of the gate (y2) is supercritical, i.e., less than yc, as in this example,
the depth upstream of the gate (y1) will be subcritical. This situation is also
shown in Fig. 2-1.

Assumption

Uniform flow

Equations

1. A2 =my22 + by2

2. A1 =my21 + by1

3. V2 = (Q)=(A2)

4. V1 = (Q)=(A1)

5. E2 = y2 +V 2
2=(2g)

6. E1 = y1 +V 2
1=(2g)

Solution Procedure

Values of y1 were assumed until E1 =E1 as shown in Spreadsheet 2-14.

Solution

y2 = 1.27 m.

What-If Analyses

Conduct a what-if analysis by plotting a graph of y1 versus y2 and show that y1
increases as y2 decreases, i.e., as the sluice gate is lowered. Is this finding
consistent with what is indicated by the SED?

88 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 2-15: Calculate the Sequent Depth
and Energy Loss across a Hydraulic Jump

for a Trapezoidal Cross Section

Problem Statement

Determine the sequent depth, y2, and the energy loss, hL, in a trapezoidal cross
section if the flowrate Q= 10m3=s, the channel width is b= 3 m, and the side
slope ratio is four horizontal to one vertical (4H∶1 V);m= 4. The critical depth,
yc = 0.75 m (from Problem 2-7). The upstream depth, y1 = 0.5 m.

Background

The only way that water can transition from supercritical flow to subcritical flow
is through a hydraulic jump. If a hydraulic jump is formed between Sections 1
and 2, as shown in Fig. 2-10a, the depth y1 prior to the hydraulic jump must be
supercritical and the downstream depth y2 after the jump must be subcritical.
The flow across a hydraulic jump is highly turbulent, and therefore, a significant
amount of energy loss always occurs across a hydraulic jump. The depths y1 and
y2 on either side of the hydraulic jump are known as sequent or conjugate
depths. Incidentally, sequent depths cannot be alternate depths because alter-
nate depths, by definition, must have equal specific energy. In this case E1 is
much greater than E2 as shown in Fig. 2-10a. If either of the sequent depths is
known (y1 or y2), the other sequent depth, for any cross section, can be
determined by combining the continuity equation with the momentum equation.
The momentum equation is written for a control volume (CV) encompassing the
hydraulic jump (Fig. 2-10b). In this figure, F1 and F2 are the pressure forces
acting on the water inside the CV because of the surrounding water, and Ff is the
friction force exerted by the ground. The energy loss, hL, across the hydraulic
jump can be obtained by the energy equation.

Assumptions

The assumptions are (a) the channel bed is horizontal and (b) the force owing to
friction, Ff (Fig. 2-10b) is negligible.

Equations

The equations for estimating the sequent depth and the energy loss are given as
follows. In these equations, the subscripts 1 and 2 refer to Sections 1 and 2 as
described in Fig. 2-10b. The equations are

1. A1 =my21 + by1

2. T1 = 2my1 + b

3. y 0
1 = (y1=3)½(2b+T1)=(b+T1)�

4. p1 = (γ)(y 0
1)

5. V 1 = (Q)=(A1)

6. F1 = (p1)(A1)
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7. LHS=F1 + (γ=g)(V1)(Q)

8. A2 =my22 + by2

9. T2 = 2my2 + b

10. y 0
2 = (y2=3)½(2b+T2)=(b+T2)�

11. p2 = (γ)(y 0
2)

12. V2 = (Q)=(A2)

13. F2 = (p2)(A2)

14. RHS=F2 + (γ=g)(V2)(Q)

15. E1 =V2
1=(2g)

Fig. 2-10 (a) Description of flow across a hydraulic jump,
(b) free body diagram of the control volume around a hydraulic
jump, (c) description of upstream and downstream channel geometry
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16. E2 =V2
2=(2g)

17. hL =E1−E2

where A1 and A2 are the respective areas at Sections 1 and 2, T1 and T2 are the
respective top widths at Sections 1 and 2, y 0

1 and y 0
2 are heights of the water level

from the centroids of Sections 1 and 2, p1 and p2 are the static pressures at
the centroids, V1 and V2 are the velocities at Sections 1 and 2, E1 and E2 are the
specific energies at Sections 1 and 2, and F1 and F2 are the forces acting on the
water inside the control volume (CV) at Sections 1 and 2. Many of the terms used
in these equations are shown in Fig. 2-10c. The terms LHS and RHS are
abbreviated forms for “left-hand side” and “right-hand side” of the momentum
equation in the x direction.

Solution Procedure

The LHS and the RHS of the momentum equation are calculated as shown in
Spreadsheets 2-15a and 2-15b, respectively. The value of y2 was determined
using the Goal Seek feature. Essentially, this feature helps in assuming values of
y2 in Spreadsheet 2-15b until RHS= LHS. Because you know that y2 must be
subcritical depth, the assumed values of y2 should be greater than yc = 0.75 m.
The value of hL was calculated as the difference in the specific energies on either
side of the hydraulic jump (Spreadsheet 2-15c).

Solution

y1 = 1.06 m, hL = 0.26 m

What-If Analyses

A what-if analysis shows that if the upstream depth y1 was 0.25 m (instead of
0.5 m), the sequent depth would increase from 1.31 m to 1.98 m and hL = 4.90 m.

Assigned Problem 2-15-1

What is the rationale for the sequent depth and head loss increasing as y1
decreases?

Assigned Problem 2-15-2

Determine the sequent depth if the flowrate were 40 m3=s instead of 10 m3=s. All
other parameters are the same as in Problem 2-15.
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Problem 2-16: Design of a Nonerodible Channel
Using the Permissible Velocity Method

Problem Statement

Design a trapezoidal channel with Manning’s n= 0.025 with a bed slope of
S = 0.004. The channel must carry a flowrate (Q) of 8 m3=s. The maximum
permissible velocity (V) is 1.8 m=s and the minimum required freeboard (FB) is
0.8 m. The minimum required side slope ratio is one horizontal to one vertical
(m= 1). Also determine the total depth yt from the channel bottom to the ground
surface and the top width (Tg) at the ground surface.

Background

Several constraints are mentioned in this problem including maximum permis-
sible velocity and minimum required side slope and freeboard. In some cases,
there may be additional constraints as discussed in Problem 2-17. Designing a
trapezoidal channel here implies finding the bottom width, b, and the depth at
which water will flow (y).

Equations

1. A=Q=V

2. R= ½(Vn)=(CmS
1=2)�1.5

3. P =A=R

4. b= (A−my2)=y

5. P = 2(my2 +y2)0.5 + b

6. yt = y+FB

7. Tg = 2myt + b

Solution Procedure

After calculating A and P by Eqs. 1 to 3, the engineer is left with two unknowns, y
and b, and the following two equations: (i) P = 2(my2 + y2)0.5 + b and (ii) A=
my2 + by. Eq. 4 is a modified form of this equation. Therefore, simple algebra can
be used to calculate b and y. However, using a spreadsheet can solve this
problem by trial and error or by using the Goal Seek function. As shown in
Spreadsheet 2-16, this problem was solved using the Goal Seek function by
assuming a value of y until the values of P, calculated by Eqs. 3 and 5, are equal.

Solution

The values of y and b are 0.73 m and 5.34 m, respectively. The values of yt and Tg

are 1.53 m and 8.40 m, respectively.
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What-If Analyses

Plotting graphs of y versus Q and b versus Q shows that y decreases and b

increases as Q increases.

Assigned Problem 2-16-1

Design the channel of Problem 2-16, but use m= 4 (instead of m= 1). All other
values are the same as in Problem 2-16.

Hint

You will find that a solution is not possible; can you explain why?
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Problem 2-17: Design of a Nonerodible
Channel Using the Modified Permissible

Velocity Method

Problem Statement

Design the trapezoidal grassy channel of Assigned Problem 2-16-1 with Manning’s
n= 0.025 with a bed slope S = 0.004. The maximum permissible velocity is
1.8 m=s and the minimum required freeboard is 0.8 m. The minimum required side
slope ratio is four horizontal to one vertical (m= 4). The maximum allowable top
width, Tg, at the ground surface is 16.6 m, and the allowable maximum possible
distance of the channel bottom from the ground surface, yt, is 1.6 m.

Background

Sometimes the permissible velocity method, used in Problem 2-16, will not yield
a design because the channel width, b, and the depth, y, are correlated by Eqs. 4
and 5 of the previous problem. For example, a solution of Problem 2-16-1 is not
possible, because no possible combination of y and b can meet the design
constraints and also satisfy Eqs. 4 and 5 (of the previous problem). This problem
demonstrates the application of the modified permissible velocity method, a
more flexible method, that can be used to design the channel of Assigned
Problem 2-16-1. The modified permissible velocity method will be applicable
even if we add two other constraints in addition to the constraints specified in
Assigned Problem 2-16-1. These two additional constraints occur owing to right-
of-way-related space constraints and also because of high water table conditions
as described in Fig. 2-11. Right-of-way-constraints may provide a limit on the top
width of the channel at the ground level, Tg (Fig. 2-11). Moreover, client
specifications or city codes may require that the channel bottom be at least a
distance Y above the water table (Fig. 2-11). As a result, the presence of a high
water table can put a constraint on the depth of the channel bed from the
ground, yt (Fig. 2-11), if the engineer does not wish to raise the ground elevation.
Raising the ground elevation of a site can be expensive, as it requires purchasing
and bringing fill to the site.

Equations

1. A=my2 + by

2. P = 2(my2 +y2)0.5 + b

3. R=A=P

4. Q= (Cm=n)(AR2=3)(S1=2)

5. V =Q=A

6. yt = y+FB

7. Tg = 2myt + b
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Solution Procedure

Six possible designs are shown in Spreadsheet 2-17, along with the design
constraints. The design process consisted of selecting the channel width, b, and
then calculating A, P, R, andQ using Eqs. 1 to 4, respectively. The range of values
selected for bwas from 1m to 6 m. Although the value ofm= 4 is specified in this
problem, the design engineer could select a value greater than m, perhaps for
aesthetic reasons, because the prescribed m value should be considered to be a
minimum specification. The various design parameters were calculated using
Eqs. 1 to 7 after assuming a value for depth, y. The Goal Seek feature was used to
determine the value of y that yielded a Q, calculated by Eq. 4, to the specified Q,
which is 8 m3=s. The validity of each design was checked by ensuring that the
calculated values of V , yt, and Tg were within the design constraints.

Solution

A total of six designs are shown in the spreadsheet. Designs 1 and 2 are not
acceptable, because the total depth is greater than the allowable depth of 1.6 m,
whereas designs 5 and 6 are not acceptable because the top width, Tg, is greater
than the allowable value 16.5 m. However, both designs 3 and 4 are acceptable.

Assigned Problem 2-17-1

Come up with two possible designs that meet all the design constraints of
Problem 2-17 with the exception that m= 4.25 instead of 4.0.

Assigned Problem 2-17-2

Design a trapezoidal grassy channel with Manning’s n= 0.03 and a bed slope of
S = 0.001. The maximum permissible velocity is 1 m=s, and the minimum
required freeboard is 0.5 m. The minimum (higher values can be selected,
and are preferred, owing to aesthetic reasons) required side slope ratio is four
horizontal to one vertical (m= 4). The maximum allowable top width, Tg, at the
ground surface is 17.25 m, and the allowable maximum possible depth, from
the ground surface is 1.5 m. Try to come up with at least two possible designs.
The design range for the bottom width, b, is from 2 m to 4 m.

Fig. 2-11 Description of channel
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Problem 2-18: Design of a Most Efficient
Trapezoidal Lined, Rigid Channel

Problem Statement

Design a most efficient lined trapezoidal channel with a Manning’s n= 0.015. The
channel must carry a flowrate Q= 30 m3=s, whereas the minimum permissible
velocity (Vmin) is 1.5 m=s. The side slope must have a ratio of 0.5774 horizontal to
1 vertical (m= 0.5774). Also, determine the freeboard (FB) using the U.S. Bureau
of Reclamation equation with a C value of 1.2 and the minimum bed slope S

required to carry the specified discharge.

Background

There are several design constraints when designing a lined channel. First, lining
a channel is expensive, which is why it is important to minimize the wetted
perimeter, P. A channel with the least possible wetted perimeter is called
the “most efficient channel.” It can be shown that the side slope for the most
efficient trapezoidal section is 1 vertical and 0.5774 horizontal (m= 0.5774).
Also, it can be shown that the ratio, q 0, of the bottom width of b to the
normal depth y must be 1.155 (q 0 = b=y= 1.155) when m= 0.5774. Second, lined
channels have a minimum velocity requirement to prevent the growth of weeds
and to prevent sedimentation. Third, an appropriate FB must be provided for
safety reasons. The U.S. Bureau of Reclamation suggests that the FB for lined
channels be calculated by the equation FB= (Cy)0.5 in which C is a coefficient
varying from 0.8 for a flow capacity of 0.5 m3=s to 1.4 for a flow capacity of
85 m3=s.

Equations

1. A=Q=Vmin

2. y= ½A=(m+ q 0)�0.5
3. b= q 0y

4. P = 2(my2 +y2)0.5 + b

5. R=A=P

6. S = (CmQn)=(AR2=3)2

7. FB= (Cy)0.5

Eq. 2 was derived in Section 2, Eq. (2-15).

Solution Procedure

The solution procedure is straightforward and requires solving Eqs. 1 through 7,
as shown in Spreadsheet 2-18.
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Solution

The designed channel has a bottom width of 3.92 m, side slopes of 1V to 0.5774H,
a bed slope of 0.0002, and a wetted perimeter of 11.77 m. The depth and FB at the
design flowrate will be 3.40 m and 2.02 m, respectively.

What-If Analysis

Conduct the following analyses:

(a) Plot a graph between y versus Vmin, and b versus Vmin to determine how the
values of y and b change as Vmin changes. Assume that Vmin varies from
1m=s to 3 m=s.

(b) Show that a higher allowable Vmin will result in a smaller wetted perimeter
and, therefore, a lesser cost.

(c) Show that a higher allowable Vmin will result in requiring a steeper channel
bed.

Assigned Problem 2-18-1

The bed slope was not specified in Problem 2-18. However, sometimes the bed
slope is specified based on the land topography. Design the channel of Problem
2-18 if the required bed slope is 0.0015.

Hint

This simply requires the calculation of the normal depth under the specified
conditions.

Assigned Problem 2-18-2

Prove that m= 1=
p
3 (or 0.5774) for the most efficient channel.
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Problem 2-19: Design of an Efficient
Trapezoidal Lined Channel with Prescribed

Side Slopes

Problem Statement

Design an efficient lined trapezoidal channel with Manning’s n= 0.015. The
channel must carry a flowrate Q= 30 m3=s, whereas the minimum permissible
velocity (Vmin) is 1.5 m=s. The side slope must have a ratio of two horizontal to
one vertical (m= 2). Also, determine the FB using the U.S. Bureau of Reclama-
tion equation with a C value of 1.2 and the minimum bed slope S required to
carry the specified discharge.

Background

The only difference between Problems 2-18 and 2-19 is the value of m. Some-
times a slope of 1 vertical and 0.5774 horizontal (m= 0.5774) may be considered
to be too steep, and an engineer may decide to use a different value for m. In
other cases, the local codes or the regulatory agency may require a value of m
other than 0.5774. Even in this case, the goal is to keep the wetted perimeter as
small as possible. When m has a value different than 0.5774, the ratio q 0 = b=y is
not 1.155 but must be calculated by a different equation (Eq. 1, following).

Equations

1. q 0 = 2½(1+m2)0.5-m�
2. A=Q=Vmin

3. y= ½A=(m+ q 0)�0.5
4. b= q 0y

5. P = 2(my2 +y2)0.5 + b

6. R=A=P

7. S = (CmQn)=(AR2=3)2

8. FB= (Cy)0.5

Eqs. 1 and 3 were derived in Section 2, Eq. (2-19) and Eq. (2-15).

Solution Procedure

The solution procedure is straightforward and requires solving Eqs. 1 through 7,
as shown in Spreadsheet 2-19.

98 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Solution

The designed channel has a bottom width of 1.34 m, side slopes of 1V to 2H, and
a bed slope S of 0.0003. The depth and FB at the design flowrate will be 2.84 m
and 1.19 m, respectively. The wetted perimeter is 14.06 m. Although this is the
least possible wetted parameter form= 2, it is higher than 11.77 m form= 0.5774
in Problem 2-18.

What-If Analysis

Plot a graph of P versus m to show that the smallest P occurs when m= 0.5774.

Assigned Problem 2-19-1

The bed slope in Problem 2-19 was not specified. Design the channel of Problem
2-19 if the required bed slope is 0.0015.
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Background

This chapter covers the topics of lake evaporation, direct runoff hydrograph
(DRH), unit hydrograph, channel routing using the Muskingum method, and
reservoir routing using the level pool routing method.

Lake Evaporation

Several methods are available for estimating lake evaporation. Some of the most
commonly used methods are (a) water budget method, (b) energy budget or
energy balance method, (c) mass transfer or aerodynamic methods, (d) combi-
nation methods, and (e) pan method. The selection of the method to estimate
lake evaporation depends on cost constraints, accuracy requirements, and the
size of the lake or reservoir. A common base for mass transfer methods is
Dalton’s equation, proposed in 1802, which states that

Ed =Bðes − eaÞ (3-1)

where Ed is the daily evaporation from the lake surface, B is a vapor transfer
coefficient, and es and ea are the respective saturation and actual vapor pressure.
Thornthwaite and Holzman (1939) provided the following equation to
calculate B:

B= 0.622k2ρau2=fpρw½lnðz2=z0Þ�2g (3-2)

where k is von Kármán’s constant, ρa is the air density, u2 is the wind velocity
at an elevation of z2 meters above the ground surface, p is atmospheric
pressure, ρw is the water density, z0 is the roughness height, and z2 is the
elevation at which u2 is measured. The roughness height varies from 0.01 for
open water to 70 cm for trees (Chow et al. 1988, Table 2-8-2). The von Kármán
constant is dimensionless and is used in describing the velocity profile of a
turbulent fluid near a boundary with a no-slip condition. A “no-slip condition” in
this case implies that the wind velocity is zero at the roughness height. The
value of the von Kármán constant is typically equal to 0.4. The estimation of
daily lake evaporation using the Thornthwaite and Holzman equation is
described in Problem 3-1.

Direct Runoff Hydrographs (DRH)

Overland Flow, Interflow, Ground Water Flow, and Direct Runoff

A typical watershed consists of a natural ridge as a boundary and a single
outlet as shown in Fig. 3-1. The watershed slopes toward the outlet. Some of
the rainfall that falls on a watershed is abstracted by hydrologic processes
(such as evaporation, infiltration, and transpiration), and the remaining
rainfall is termed “net rainfall” or “excess rainfall.” All net rainfall reaches
the outlet of the watershed as either “overland flow” or “interflow,” as shown
in Fig. 3-2. Overland flow occurs above the ground surface and is also
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commonly referred to as “surface runoff.” Interflow occurs in the unsaturated
zone between the ground surface and the water table (Fig. 3-2). The sum of
overland and interflow is called “direct runoff” (DRO). In addition, ground-
water flow also occurs in the saturated zone below the water table, also
shown in Fig. 3-2. Water travels much faster as overland flow and interflow
compared with groundwater flow and, therefore, has a much quicker and
critical effect on the flowrate at the outlet. As a result, engineers usually are
interested in knowing the DRO and use a process called “baseflow separation”
to determine the effect of just the DRO. The hydrograph produced as a result
of the DRO is called the “direct runoff hydrograph” (DRH). A key objective in
most engineering designs is to determine the DRH at the outlet of the
watershed.

Fig. 3-1 Description of a watershed

Outlet 

Ridge 

Fig. 3-2 Description of water flowing to a stream as overland flow,
interflow, and groundwater flow

Saturated Zone 

Unsaturated Zone 
Water Table Interflow  

Overland Flow or Runoff 

Groundwater Flow 

Stream  

Ground 
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Convolution and Deconvolution

The process of determining the DRH from a unit hydrograph is called “convolu-
tion,” whereas the reverse process of determining the unit hydrograph from a
DRH is termed “deconvolution.” Two methods are used for determining
the DRH: convolution equation method (Problem 3-2) and lagging method
(Problem 3-3). Both these methods use the concept of the “unit hydrograph,”
which is defined as the DRH that is produced at the watershed outlet by a
constant intensity, net rainfall of one unit (1 cm or 1 in.). If the net rainfall has a
duration of “t” h, then the unit hydrograph is termed a “t-h unit hydrograph.”
Therefore, theoretically a watershed can have an infinite number of unit
hydrographs, because the value of t is variable.

S-Hydrograph Method for Unit Hydrograph Conversion

Unit hydrographs are developed based on streamflow data measured at the
watershed outlet during rainfall events. Ideally, these rainfall events should be
uniformly distributed across the entire watershed. The average rainfall intensity
and depth are also measured during these events. The streamflow data are
converted to DRH ordinates by baseflow separation. The rainfall data are
converted to net rainfall data by a process called the “phi-index method,”
although other methods also can be used. The duration of the unit hydrograph
determined from this process is equal to the duration of the net rainfall. It is not
practical and cost effective for an engineer to develop a large number of unit
hydrographs of different durations by field measurements, as this would require
measuring streamflow and rainfall data multiple times. Instead, the engineer can
use the S-curve method to convert an existing R-h unit hydrograph to a P-h unit
hydrograph if a P-h unit hydrograph is required for convolution. The S-curve
method is discussed in Problem 3-4.

Routing

Routing is the method used to determine the hydrograph at a downstream
location of a channel or reservoir if the hydrograph at an upstream location is
known. Broadly, routing can be classified as (a) channel routing and (b) reservoir
routing. In both channel and reservoir routing, the inflow hydrograph at the
upstream location, Section 1, is known, and the hydrograph at Section 2 needs to
be determined as shown in Figs. 3-3 and 3-4. The storage inside the channel
reach consists of both wedge and prism storage. As shown in Fig. 3-3, a channel
will have both prism storage (Sp) and wedge storage (Sw) if the flow is
nonuniform between Sections 1 and 2. The channel reach will have only prism
storage (Sp) if the flow is uniform. A reservoir is assumed to have an even water
surface profile, and the storage within the reservoir consists only of prism
storage (Fig. 3-4). Thus, the storage, S, within a channel reach is the sum of
wedge and prism storage (S = Sp + Sw), whereas the storage within a reservoir is
simply equal to prism storage (S = Sp). Two phenomena occur as the hydrograph
at the upstream section (Section 1) traverses downstream through the channel
or reservoir to the downstream section, and these phenomena are shown in
Fig. 3-5. First, the peak flowrate of the downstream hydrograph ðQpÞ2 is always
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lower than the peak flowrate of the upstream hydrograph ðQpÞ1. Second, the
time base of the hydrograph at the downstream section ðtbÞ2 is always greater
than the time base of the upstream hydrograph ðtbÞ1. The lowering of the peak
flowrate is known as “attenuation,” whereas the increase in the time base is
known as “dispersion.”

Known and Unknown Parameters in a Routing Problem

In every routing problem the inflow hydrograph at Section 1 is known. Because
this is a time-dependent problem (as the outflow at Section 2 is time variant), the

Fig. 3-3 Prism and wedge storage within a channel reach

Prism Storage(Sp) 

Wedge Storage (Sw) 

Section 2 

Section 1 

Water Surface Profile 

Inflow 

Outflow 

Fig. 3-4 A reservoir has only prism storage

Section1 

Section 2 

Level Surface Water Profile 

Prism Storage 
H A 

B 

Inflow 

Outflow 
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engineer must know, or guess, the initial outflow at Section 2. The three
unknown parameters that are usually calculated using the routing process are
(a) the flowrate, Q, at the downstream location (Section 2); (b) the storage, S,
within the channel reach or the reservoir; and (c) the water depth, H (Fig. 3-4).

Hydraulic and Hydrologic Routing Methods

Three equations are required to conduct routing if the engineer wishes to
calculate all three unknown parameters (Q, S, and H). The available equations
are (a) continuity equation, (b) momentum equation, and (c) empirical equa-
tions. Routing methods are classified as (i) hydraulic routing methods and
(ii) hydrologic routing methods depending on the equations selected for the
purpose of routing. Hydraulic routing methods use the continuity equation,
momentum equation, and an empirical equation. Hydrologic routing methods
use the continuity equation and two empirical equations. Only hydrologic
routing methods are covered in this book. Hydrologic routing methods can be
further classified as channel routing methods and reservoir routing methods.
A commonly used hydrologic channel routing method known as the Muskingum
method is described in Problems 3-5 and 3-6. The book also discusses level pool
routing (Problem 3-7), which is commonly used for hydrologic reservoir routing.

Muskingum Method

The Muskingum method uses the continuity equation and an empirical equation
known as the Muskingum equation to determine the outflow hydrograph and the
storage within the reach. A third equation in the form of a stage-discharge curve
also can be used if the water level also needs to be determined.

Fig. 3-5 Description of attenuation and dispersion that occurs in
the inflow hydrograph as it travels through a channel reach or
reservoir

Time (t) 

Flow rate (Q)  
Inflow Hydrograph at Section 1 of 
Reservoir or Channel 

Outflow Hydrograph at Section 2 of 
Reservoir or Channel 

(tb)1
(tb)2

Attenuation 

Δt 

Ij Dispersion 

(Qp)1

(Qp)2

Ij+1

Qj+1

Qj
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The continuity equation for both the Muskingum and level pool routing methods
is written in the following form:

2Sj+ 1=Δt+Qj+ 1 = ð2Sj=Δt−QjÞ+ Ij + Ij+ 1 (3-3)

where S is the storage within the channel reach, I is inflow, andQ is outflow. The
subscripts j and j+ 1 denote the times before and after the routing period, Δt.
The routing period is selected by the engineer based on desired accuracy;
smaller Δt values lead to more accurate answers. Selection of very large routing
periods can also lead to numerical instability.

The Muskingum equation provides the following relationship between S, I, andQ:

S =KQ+KXðI −QÞ (3-4)

where K is a proportionality constant also known as the “storage time constant,”
and X is a weighting factor. The constantK has units of time. It can be shown that
K is the time that a wave takes to travel from the upstream to the downstream
section. In Eq. (3-4), the term KQ represents the prism storage, whereas
KXðI −QÞ is the wedge storage. X = 0 implies that the channel behaves as a
reservoir and provides only prism storage, whereas X = 1 implies that the channel
reach consists of only wedge storage. In practice, the value of X lies between 0
and 0.5. By adding proper subscripts, Eq. (3-4) can be modified to

Sj =KQj +KXðIj −QjÞ (3-5)

and

Sj+ 1 =KQj+ 1 +KXðIj+ 1 −Qj+ 1Þ (3-6)

Substituting Eqs. (3-5) and (3-6) in Eq. (3-3) and rearranging yields

Qj+ 1 =C1Ij+ 1 +C2Ij +C3Qj (3-7)

where

C1 = ðΔt− 2KXÞ=½2Kð1−XÞ+Δt� (3-8)

C2 = ðΔt+ 2KXÞ=½2Kð1−XÞ+Δt� (3-9)

C3 = ½2Kð1−XÞ−Δt�=½2Kð1−XÞ+Δt� (3-10)

It turns out that

C1 +C2 +C3 = 1 (3-11)

Eq. (3-7) is used to calculate the outflow in the Muskingum method
(Problem 3-5). Verifying that Eq. (3-11) is satisfied is a good way to check if
the calculations are accurate.
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By substituting Eqs. (3-5) and (3-6) in Eq. (3-3) and rearranging, it can be
shown that

K =N=D (3-12)

where

N = ½ðIj + Ij+ 1Þ− ðQj +Qj+ 1Þ�ð0.5ΔtÞ (3-13)

D= ðXÞðIj+ 1 − IjÞ+ ð1−XÞðQj+ 1 −QjÞ� (3-14)

Eq. (3-12) indicates that a plot between N and D should plot as a straight line
with a slope equal to K . This graph is useful in estimating K and X for a channel
reach as demonstrated in Problem 3-6.

Level Pool Routing Method

The level pool routing method also utilizes the continuity equation, Eq. (3-3),
and two empirical equations. The two empirical equations usually are provided
by the engineer who designed the reservoir (or pond). One of the empirical
equations is a relationship between Q and S. It is more convenient in the
calculation process if the relationship between Q and S is transformed to an
equation between Q and 2S=Δt+Q, because the term 2S=Δt+Q occurs on the
left-hand side of the continuity equation. The second empirical equation is
between H and S and also should be provided by the design engineer. The
method for using these three equations to conduct level pool routing is described
in Problem 3-7.
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Problem 3-1: Estimation of Evaporation Rates
for a Lake or Open Surface Body by the

Aerodynamic Method

Problem Statement

Determine the evaporation rate from a lake in mm=day using the aerodynamic
method. Given are air temperature T = 25°C, relative humidity Rh = 40%, and
atmospheric pressure p= 101.3 kPa. The roughness height z0 and the wind
velocity u2, measured at a height z2 = 2 m above the water surface are 0.03 cm
and 3m=s, respectively. The gas constant for dry air is Rd = 287 Nm=kg−K , and
the von Kármán constant is k= 0.4.

Background

The relative humidity of air is the ratio of the actual vapor pressure and the
saturated vapor pressure. A high relative humidity implies more moisture in the
air. A body of air with a high relative humidity and, therefore, a higher amount of
water vapor will not have space to absorb more moisture and will inhibit
evaporation from the lake surface. However, if the air temperature increases,
the saturated air pressure increases, and therefore the relative humidity
decreases. In essence, a higher air temperature allows more moisture to be
absorbed by the air and should increase the evaporation rate. Also, a high wind
velocity should increase the evaporation rate, because it will quickly remove the
moist air from above the lake surface and replace it with dry air. The method
using Eqs. (3-1) and (3-2) to calculate daily lake and reservoir evaporation is also
known as the aerodynamic method. This method incorporates the effects of air
temperature, relative humidity, and wind velocity. The measurements required to
use this method are air temperature, relative humidity, and the wind velocity at a
specific height z2, which in this problem is 2 m.

Assumptions

(1) The air is saturated at the ground elevation, and (2) the wind velocity is zero
at the roughness height.

Equations

1. ρa = ð8Þð10− 6ÞT − ð4.173Þð10− 3ÞT + 1.286281

2. ρw = − 0.0036T2 − 0.0658T + 1000.6

3. es = 0.1613T3 − 8.5928T2 + 262.33T − 226.7

4. ea = ðRhÞðesÞ
5. B= 0.622k2ρau2=fpρw½lnðz2=z0Þ�2g
6. Unit conversion

7. Unit conversion

8. Ed =Bðes − eaÞ
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Eq. 1 was obtained by solving Assigned Problem 1-1-1, whereas Eqs. 2 and 3 are
Eqs. 1 and 5 of Problem 1-1. All three equations were determined using trend
lines. Eqs. 6 and 7 are simply unit conversion equations.

Solution Procedure

A straightforward solution procedure, solving Eqs. 1 through 8 in order, is shown
in Spreadsheet 3-1; it is important to convert the units of B to mm=ðday-PaÞ to
obtain the answer in mm=day.

Solution

The evaporation rate is 7.44 mm=d as shown in Spreadsheet 3-1.

What-If Analysis

Conduct what-if analyses by

(a) Plotting a graph of Ed versus air temperature to show that the evaporation
rate increases as the air temperature increases

(b) Plotting a graph of Ed versus u2 to show that the evaporation rate increases
as the wind velocity increases

(c) Plotting a graph of Ed versus Rh to show that the evaporation rate
decreases as the air temperature increases.

Assigned Problem 3-1-1

Determine the relationship between the daily evaporation rate and the atmo-
spheric pressure. Can you provide an explanation for that relationship?
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Problem 3-2: Estimation of the Direct Runoff
Hydrograph by the Convolution Equation

Problem Statement

Using the convolution equation, determine the ordinates of the direct runoff
hydrograph (DRH) at the outlet of a watershed due to a 4 h rainfall event during
which the constant intensity, net hourly rainfall depth pulse (P) values were as
follows: P1 = 0.8 cm, P2 = 2.4 cm, P3 = 4.6 cm, P4 = 0.7 cm. The 1 h unit hydro-
graph ordinates at 1 h intervals are U1 = 10 m3=s=cm, U2 = 100m3=s=cm,
U3 = 200 m3=s=cm, U4 = 150m3=s=cm, U5 = 100m3=s=cm, and U6 =
50 m3=s=cm. Also determine the area of the watershed.

Background

The convolution equation is given as

Qn =
X

PmUn−m+ 1 form= 1 to n ≤ M ; and n= 1 toN (3-15)

where Q are the DRH ordinates, N is the number of nonzero DRO ordinates, and
M is equal to the number of net rainfall pulses. In this problem, M = 4, as there
are four nonzero pulses. Moreover, if X = number of nonzero unit hydrograph
ordinates, then it can be shown that X =N −M + 1 or N =X +M + 1. Therefore,
N = 6+ 4− 1= 9 in this problem.

The direct runoff volume (Vd) can be determined by the following equation:

Vd = ðΔtÞ
X

Qi for i= 1 toN (3-16)

where Δt is the time interval between the UH ordinates and the DRH ordinates.
The DRH depth (Rd) can be obtained by

Rd =
X

Pi for i= 1 toM (3-17)

Finally, the area of the watershed, A, can be determined by

A=Vd=Rd (3-18)

The ratio of the duration of a pulse, Δt, to the duration t of the unit hydrograph
(1 h in this problem) must be equal to an integer. This rule helps in selecting
hydrographs with the proper duration.

Assumptions

(1) The time interval between the unit hydrograph ordinates, Δt, must be equal
to the duration of the rainfall pulses and the duration of the unit hydrograph. In
this problem, all three are equal to 1 h. (2) All rainfall pulses are of constant or
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uniform intensity. Therefore, the rainfall intensity during P1 is 0.8 cm=h. (3) The
duration of all pulses are equal.

Equations

Substituting appropriate values of m and n in the convolution equation yields

1. Q1 =P1U1

2. Q2 =P1U2 +P2U1

3. Q3 =P1U3 +P2U2 +P3U1

4. Q4 =P1U4 +P2U3 +P3U2 +P4U1

5. Q5 =P1U5 +P2U4 +P3U3 +P4U2

6. Q6 =P1U6 +P2U5 +P3U4 +P4U3

7. Q7 =P2U6 +P3U5 +P4U4

8. Q8 =P3U6 +P4U5

9. Q9 =P4U6

Solution Procedure

The solution procedure is straightforward and shown in Spreadsheets 3-2a and
3-2b. As expected, the DRH has nine nonzero ordinates.

Solution

As shown in Spreadsheet 3-2, the DRH ordinates are Q1 = 8 m3=s, Q2 = 104m3=s,
Q3 = 446m3=s, Q4 = 1,067 m3=s, Q5 = 1,430 m3=s, Q6 = 1,110 m3=s, Q7 = 635m3=s,
Q8 = 300m3=s, and Q9 = 35m3=s. The watershed area is 21,960 ha.

What-If Analysis

Conduct a what-if analysis by comparing DRH hydrographs (draw figures) if the
pulse occurred in a different order:

(a) P1 = 0.7 cm, P2 = 0.8 cm, P3 = 2.4 cm, P4 = 4.6 cm
(b) P1 = 0.7 cm, P2 = 4.6 cm, P3 = 2.4 cm, P4 = 0.8 cm

Which order of the pulses gives the highest peak flow rate?

Assigned Problem 3-2-1

The ratio between the sum of the DRH ordinates (5,185 m3=s) and the sum of the
UH ordinates (610 m3=s=cm) is 8.5. What does this indicate?

Hint

This verifies one of the important assumptions of the unit hydrograph theory.
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Assigned Problem 3-2-2

Determine the ordinates (Q values) of the DRO hydrograph at the outlet of
a watershed due to the following 4 h rainfall event during which the net
hourly rainfall depth pulse (P) values were as follows: P1 = 1 cm, P2 = 3 cm,
P3 = 0 cm, and P4 = 2 cm. The unit hydrograph ordinates at 1 h intervals are
U1 = 10 m3=s=cm, U2 = 75 m3=s=cm, U3 = 125m3=s=cm, U4 = 100m3=s=cm,
U5 = 60 m3=s=cm, U6 = 20 m3=s=cm, and U7 = 5 m3=s=cm.

Assigned Problem 3-2-3

In the convolution equation method, which of the following hydrographs can be
used for convolution if the duration of each net rainfall pulse is 2 h: (a) 2 h unit
hydrograph, (b) 1 h unit hydrograph, (c) 0.75 h unit hydrograph, (d) 0.5 h unit
hydrograph?

Assigned Problem 3-2-4

In the convolution equation method, what should be the time interval between
unit hydrograph ordinates if the duration of each net rainfall pulse is 2 h: (a) 2 h,
(b) 1 h, (c) 0.75 h, or (d) 0.5 h?
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Problem 3-3: Estimation of the Direct Runoff
Hydrograph by the Lagging Method

Problem Statement

Using the lagging method, determine the ordinates of the direct runoff hydro-
graph (DRH) at the outlet of a watershed due to the following 4 h rainfall event
during which the net hourly rainfall depth pulse (P) values were as follows:
P1 = 0.8 cm, P2 = 2.4 cm, P3 = 4.6 cm, and P4 = 0.7 cm. The 1 h unit hydrograph
ordinates at 1 h intervals are U0 = 0 m3=s=cm, U1 = 10m3=s=cm,
U2 = 100m3=s=cm, U3 = 200 m3=s=cm, U4 = 150 m3=s=cm, U5 = 100m3=s=cm,
U6 = 50m3=s=cm, and U7 = 0 m3=s=cm.

Background

This method uses the same equations as in the convolution method, except that
the method by which the DRH ordinates are calculated is different. The lagging
method calculates the DRH ordinates for each rainfall depth pulse and then adds
the DROs after proper lagging. The DRH for each pulse is lagged by the duration
of the pulse (which is 1 h in this problem). Essentially, when using the
convolution equation (say Eq. 2 of Problem 3-2), a single equation is used to
calculate Q2. However, in the lagging method, the terms P1U2 and P1U2 are
calculated separately and then added. The lagging method assumes that all
rainfall pulses are of constant or uniform intensity. Therefore, the rainfall
intensity during P1 is 0.8 cm=h.

As in the convolution equation method, the lagging method also requires that the
ratio of the duration of a pulse, Δt, to the duration t of the unit hydrograph (1 h in
this problem) must be equal to an integer. This rule helps in selecting hydrographs
with the proper duration. Moreover, the ratio of the duration of a pulse, Δt, to the
duration Δt 0 between the unit hydrograph ordinates must also be equal to an
integer (in the convolution equation method, this ratio must be equal to 1).

Assumptions

(1) All rainfall pulses are of constant or uniform intensity. Therefore, the rainfall
intensity during P1 is 0.8 cm=h; (2) the duration of all pulses are equal.

Equations

1. ½Q1�i =P1Ui for i= 1 to X

2. ½Q2�i =P2Ui for i= 1 to X

3. ½Q3�i =P3Ui for i= 1 to X

4. ½Q4�i =P4Ui for i= 1 to X

5. ½QDRO�i = ½Q1�i + ½Q2�i+ ½Q3�i + ½Q4�i for i= 1 to N
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where ½Q1�i, ½Q2�i, ½Q3�i, and ½Q4�i are the DRH ordinates due to P1, P2, P3, and P4,
respectively; X is the number of nonzero unit hydrograph ordinates; and N is the
number of nonzero DRH ordinates.

Solution Procedure

The solution procedure is fairly straightforward as long as you are careful to lag

the DRH ordinates byΔt, whereΔt is the time interval between the pulses. In this
problem Δt= 1 h; therefore, each pulse is lagged by 1 h, whereas the DRH due to
P1 starts at t= 0, the DRH due to P2 starts at t= 1 h, and so on.

Solution

As shown in Spreadsheet 3-3, the DRO hydrograph has nine nonzero ordi-
nates, which are Q1 = 8 m3=s, Q2 = 104 m3=s, Q3 = 446 m3=s, Q4 = 1,067 m3=s,
Q5 = 1,430 m3=s, Q6 = 1,110 m3=s, Q7 = 635m3=s, Q8 = 300m3=s, and
Q9 = 35 m3=s. As expected, these ordinates are identical to the ordinates calcu-
lated by the convolution equation in Problem 3-2.

Assigned Problem 3-3-1

Using the lagging method, determine the ordinates of the DRH at the outlet of a
watershed due to the following 5 h rainfall event during which the net hourly
rainfall depth pulse (P) values were as follows: P1 = 0.8 cm, P2 = 2.4 cm,
P3 = 0 cm, P4 = 4.6 cm, and P5 = 0.7 cm. The 1 h unit hydrograph ordinates at
1 h intervals are U0 = 0 m3=s=cm, U1 = 10 m3=s=cm, U2 = 100m3=s=cm,
U3 = 200 m3=s=cm, U4 = 150m3=s=cm, U5 = 100m3=s=cm, U6 = 50 m3=s=cm, and
U7 = 0 m3=s=cm.

Assigned Problem 3-3-2

In the lagging method, which of the following hydrographs can be used for
convolution if the duration of each net rainfall pulse is 2 h: (a) 2 h unit
hydrograph, (b) 1 h unit hydrograph, (c) 0.75 h unit hydrograph, or (d) 0.5 h
unit hydrograph?

Assigned Problem 3-3-3

In the lagging method, what can the time intervals between unit hydrograph
ordinates be if the duration of each net rainfall pulse is 2 h: (a) 2 h, (b) 1 h,
(c) 0.75 h, or (d) 0.5 h?
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Problem 3-4: Estimation of a P-h Unit
Hydrograph Given an R-h Unit Hydrograph

Problem Statement

Determine the ordinates of a 3 h (P-h) unit hydrograph given the coordinates of a
2 h unit (R-h) hydrograph shown in Spreadsheet 3-4.

Background

Theoretically, the S-curve is the sum of infinite R-h unit hydrographs, all
sequentially lagged by R-h. In practice, the S-curve ordinates are obtained by
adding a sufficient number of R-h unit hydrographs so that the S-curve reaches a
plateau, i.e., the last few ordinates of the S-curve do not change in time. The
S-curve is then lagged by P-h to obtain a lagged S-curve. The difference, D,
between the ordinates of the S-curve and the lagged S-curve are multiplied by
P=R to obtain the P-h unit hydrograph. If P is greater than R, as in this problem,
you should expect the P-h unit hydrograph to have a lower peak flowrate and a
higher time base as shown in Fig. 3-6. The opposite would occur if P were less

Fig. 3-6 Description of the P-h and R-h hyetograph and the
corresponding unit hydrographs

P 
R 

1/R 

1/P 

t (h) 

i (cm/h) 

R-h Unit Hydrograph 

P-h Unit Hydrograph 

t (h) 

Q (m3/s) 
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than R. The lowering of the peak flowrate is referred to as attenuation, while the
increase in time base is called “dispersion.”

Sometimes, if the unit hydrograph ordinates or t-h value are not accurate, the
S-curve will begin to oscillate around the plateau. In this case, the S-curve should
be “smoothed” by adjusting the S-curve ordinates to achieve a plateau value
before determining the lagged S-curve, the difference D, and the P-h unit
hydrograph.

Equations

1. ðUHR1Þt = ðUHR0Þ
2. ðUHR2Þt = ðUHR0Þ
3. ðUHR3Þt = ðUHR0Þ
4. ðSÞt = ðUHR0Þt + ðUHR1Þt + ðUHR2Þt + ðUHR3Þt
5. ðSlÞt = ðSÞt−P

6. ðDÞt = ðSlÞt − ðSÞt
7. ðUHPÞt = ½ðDÞt�ðR=PÞ

where (UHR0) is the R-h unit hydrograph; ðUHR1Þt, ðUHR2Þt, and ðUHR3Þt are the
unit hydrographs lagged by R, 2R, and 3Rh, respectively; ðSÞt and ðSlÞt are the
S-curve and lagged S-curves; ðDÞt is the difference between the S-curve and
lagged S-curve ordinates; and ðUHPÞt is the P-h unit hydrograph.

Solution Procedure

The S-curve is obtained by summing the ordinates of the R-h unit hydrograph
and three lagged R-h unit hydrographs. Summing these four hydrographs was
sufficient to obtain the S-curve, because the S-curve ordinates reached a plateau
at 350 m3=s=cm.

Solution

The solutions are shown in Spreadsheet 3-4. The results show the expected
attenuation and dispersion; the peak flowrate of the P-h unit hydrograph has
decreased to 200m3=s=cm (from 250 m3=s=cm), whereas the time base has
increased to 7 h from 6 h.

What-If Analysis

Conduct a what-if analysis to show that

1. Attenuation and dispersion both increase as P increases to P = h and P = 5 h (instead
of P = 3 h).

2. An oscillating S-curve is obtained if R= 3 h instead of 2 h.

Assigned Problem 3-4-1

Determine the ordinates, peak flowrate and the time base of the 1 h unit
hydrograph from the given 2 h unit hydrograph.

118 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 3-5: Estimation of the Downstream
Hydrograph by Routing the Inflow Hydrograph

Using the Muskingum Method

Problem Statement

Determine the outflow (downstream) hydrograph, peak flowrate, and time to
peak downstream of a channel resulting from the inflow (upstream) hydrograph
channel shown in Spreadsheet 3-5. Also, determine the wedge storage (Sw),
prism storage (Sp), and total storage (S) at various times. The storage time
constant is K = 2 days, and the weighting factor is X = 0.2. Use a time increment
Δt= 24 h, where Δt is the time interval between inflow and outflow ordinates.

Background

The equations used in this problem are described in Section 3. If the initial
condition is not given, as in this problem, usual practice is to assume that the
initial outflow is equal to inflow at t= 0.

Equations

1. C1 = ðΔt− 2KXÞ=½2Kð1−XÞ+Δt�
2. C2 = ðΔt+ 2KXÞ=½2Kð1−XÞ+Δt�
3. C3 = ½2Kð1−XÞ−Δt�=½2Kð1−XÞ+Δt�
4.

P
C =C1 +C2 +C3

5. Qi+ 1 =C1Ii+ 1 +C2Ii +C3Qi

6. Sw =KXðI −QÞ
7. Sp =KQ

8. S =KXðI −QÞ+KQ

Solution Procedure

The solution procedure is straightforward, and the outflow hydrograph and
storage calculations are shown in Spreadsheet 3-5.

Solution

As expected, the peak flowrate decreases from 1,699m3=s to 1,460m3=s, whereas
the time to peak increases from 192 h to 240 h (Spreadsheet 3-5). Note that the
wedge storage becomes negative when I is less than Q. Also note that both the
prism storage and the total storage increase and then decrease as the water level
rises. Although it was not required to calculate the water level in this problem, you
can surmise that the highest peak flowrate occurred when the water level was at
its peak. The water level during channel routing can be obtained from a stage-
discharge graph, a plot of water level versus discharge if such a plot is available.
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The inflow and outflow hydrographs are plotted on Chart 1 of Spreadsheet 3-5
to demonstrate the attenuation and dispersion that occurs as water travels
through a channel reach.

What-If Analysis

Conduct a what-if analysis by plotting a graph of K versus peak flowrate, Qp.
Before conducting the analysis, try to guess the shape of the graph and explain
your reasoning.

Assigned Problem 3-5-1

Ignoring the data on alternate days (January 13, January 15, etc.) and using a
Δt= 48 h, determine the flowrate at the downstream section (all other para-
meters are the same as in Problem 3-5). This shows that the selected value of Δt
can affect the results. In general, a smaller value ofΔtwill provide more accurate
results.
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Problem 3-6: Estimation of the Muskingum
K and X

Problem Statement

Determine the Muskingum storage time constant K and the weighting factor for
the inflow and outflow hydrographs shown in Spreadsheet 3-6.

Background

The Muskingum K and X values for a channel reach can be determined if both
the inflow and outflow hydrographs are known for the channel reach. Several
methods can be used to determine K and X , but the method described here
combines the Muskingum and continuity equations to obtain an equation in the
form of K =N=D, Eq. (3-12), where N and D stand for numerator and denomi-
nator, respectively, and are respectively defined by Eqs. (3-13) and (3-14). It can
be seen from Eqs. (3-13) and (3-14) that the value of N is dependent on inflow
and outflow, whereas the value of D is dependent on inflow, outflow, and X .
Values for D are computed for various values of X , and several graphs are
plotted betweenN and D. The graph that plots closest to a straight line is used to
determine both K and X . Eqs. 2 to 4 (following) are basically Eq. (3-14) written
for different values of X .

Assumptions

The main assumption in this method is that a graph of N versus D should plot as
a straight line and that the slope of that straight line will be equal to K .

Equations:

1. N = ½ðIt + It+ 1Þ − ðQt +Qt+ 1Þ�ð0.5ΔtÞ
2. D1 = ðXÞðIt+ 1 − ItÞ+ ð1 − XÞðQt+ 1 −QtÞ (for X = 0.1)

3. D2 = ðXÞðIt+ 1 − ItÞ+ ð1−XÞðQt+ 1 −QtÞ (for X = 0.2)

4. D3 = ðXÞðIt+ 1 − ItÞ+ ð1−XÞðQt+ 1 −QtÞ (for X = 0.3)

5. K =N=D2

where D1, D2, and D3 are the values of D at X = 0.1, 0.2, and 0.3, respectively.

Solution Procedure

Because the value of X is usually between 0 and 0.3, D is calculated for
X = 0.1, 0.2, and 0.3. X values other than these three values should be tried
if none of these three values produces a straight line. The three graphs, N
versus D1, D2, and D3 are shown as Charts 1, 2, and 3, in Spreadsheet 3-6,
respectively.
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Solution

The second plot in Chart 2 is closest to a straight line, indicating that X = 0.2. The
value of K is then determined by Eq. 3 using the values of the D2 column. The
average value of K (Spreadsheet 3-6) is the final answer. Alternatively, because
K is equal to the slope of the straight line plot between N and D, K can also be
determined by simply calculating the slope of the line in Chart 2. Answers:
X = 0.2, K = 10 min.

Assigned Problem 3-6-1

Determine the value of K if X = 0.25.
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Problem 3-7: Determine the Outflow Hydrograph
from a Reservoir Using Hydrologic Reservoir

(Level Pool) Routing and Calculate
the Peak Outflow and the Maximum

Water Level in the Reservoir

Problem Statement

The coordinates of an inflow hydrograph to a reservoir are shown in Spread-
sheet 3-7. Determine the outflow hydrograph from 0 to 2 days, at intervals of
0.1 days, from a reservoir with the following storage-outflow and stage-storage
relationships:

S=ð2ΔtÞ=Q+ 10 (3-19)

H = S=20 (3-20)

In Eq. (3-19), Δt is the time step in days, S is in m3=s-days, and the number 10 has
units of m3=s. In Eq. (3-20), H is in m, S is in m3=s-days, and the number 20 has
units of ha. The initial storage in the reservoir is 2 m3=s-days (or 17.28 ha-m).

Background

As discussed in Section 3, the three main equations in a typical reservoir routing
problem are the continuity equation and two empirical equations that usually are
provided by the engineer who designs the reservoir. The two empirical equations
are relationships between storage and outflow, such as Eq. (3-19), and stage and
storage, such as Eq. (3-20). Because the continuity equation provides a value of
2S=Δt+Q instead of S, equations like Eq. (3-19) should be rearranged so that Q
can be calculated as a function of 2S=Δt+Q. Simple algebraic manipulations are
used to accomplish this objective, and Eq. (3-19) is rearranged to

Q= ½ð2S=Δt+QÞ− 40Þ�=5 forQ ≥ 0 (3-21)

Eq. (3-19) also should be rearranged so that S can be calculated if Q is known.
Thus, for convenience in calculations, Eq. (3-19) is rearranged to

S= 2ΔtðQ+ 10Þ (3-22)

Substitution of Δt= 0.1 days and Q= 0 in Eq. (3-22) indicates that a minimum
storage (S) of 2 m3=s-days is needed before there is any outflow from the
reservoir. This value is then converted to ha-m (column 10). The value of Q
(column 7) is then calculated by rearranging Eq. (3-19) to

Q= S=ð2ΔtÞ− 10 (3-23)
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A negative Q value would be calculated if the initial value of S were less than
2m3=s-days. The value of Q is adjusted (column 8) to zero if a negative value is
computed (because a negative Q value is not physically possible). The value of
2S=Δt+Q in row 1 is calculated by simply adding the terms 2S=Δt and Q. The
value of 2S=Δt − Q can be calculated by simply subtracting the value of Q from
2S=Δt. As an alternative, you may use the equation

2S=Δt−Q= ð2 S=Δt+QÞ− 2Q (3-24)

Assumption

The reservoir level is the same everywhere at any given time (hence the name
“level pool” routing).

Equations

1. ðIsumÞj+ 1 = Ij + Ij+ 1

2. Hj =Sj=20

3. Xj = 2Sj=Δt − Qj

4. Yj = 2Sj=Δt+Qj

5. Xj =Yj − 2Qj

6. Yj+ 1 = ðIsumÞj +Xj

7. Qj = Sj=ð2ΔtÞ − 10

8. Qj = ðYj − 40Þ=5
9. Qj = 0 (if Q is negative)

10. Sj = 2ΔtðQj + 10Þ

where subscripts j and j+ 1 denote the times before and after the routing period,
Δt, Isum is the sum of the inflows before and after the routing period, and X and Y

are parameters defined by Eqs. 3 and 4, respectively. It should be noted that
Eqs. (3-20) to (3-24) have been respectively converted to Eqs. 2, 8, 10, 7, and 5
after adding subscripts.

Solution Procedure

The solution procedure is shown in Spreadsheet 3-7. This spreadsheet is slightly
different from other spreadsheets, because (a) equations for row 1 are different
from those used for row 2 onward and (b) the starting point of the spreadsheet
in row 1 is column 9. Note that the starting column would be different if
the initial water level (H) or initial flowrate (Q) were given instead of the initial
storage (S).

Solution

The flowrates of the routed hydrograph and the corresponding water levels in
the reservoir are respectively shown in columns 8 and 11 of Spreadsheet 3-7. The
peak outflow of 29 m3=s occurs at t= 0.8 days. The highest water level during this

124 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



storm event also occurs at 0.8 days and is equal to 3.37 m. Note that, as expected,
the reservoir has attenuated the flowrate from a peak inflow of 36m3=s (at
t= 0.6 days) to a peak outflow of 29m3=s. Also, as expected, the peak outflow
occurs later than the peak inflow (at t= 0.8 days as compared to t= 0.6 days).
The inflow and outflow hydrographs are plotted in Chart 1 of Spreadsheet 3-7 to
demonstrate the attenuation and dispersion that occurs as water travels through
a reservoir.

What-If Analysis

Conduct a what-if analysis by plotting a graph of Q versus S and H versus S. Is
the change in Q and H as expected?

Assigned Problem 3-7-1

Calculate the initial storage, peak outflow, and water level if the initial water
level is 1.5 m.

Assigned Problem 3-7-2

Calculate the peak outflow and water level if the reservoir was (a) initially empty
and (b) H = 1.5 m. Will the starting column still be column 9?

Assigned Problem 3-7-3

Calculate the peak outflow and water level if the initial Q= 10m3=s. Will the
starting column still be column 9? Why does the water level in the reservoir
initially decrease and then increase?

Hydrology 125

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



This page intentionally left blank

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



4

Stormwater Management
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Background

A stormwater management system is required in many states of the United
States whenever any watershed is developed. This section covers the processes
needed to design a stormwater management system for land development.
A stormwater management system for land development is used to control
both on-site and downstream flooding and to improve the water quality of the on-
site runoff prior to its discharge into a receiving water body. The methods used
to store and/or to treat stormwater runoff are sometimes referred to as best
management practices (BMPs). The U.S. Environmental Protection Agency
defines a BMP as a “technique, measure or structural control that is used for
a given set of conditions to manage the quantity and improve the quality of
stormwater runoff in the most cost-effective manner.” BMPs can be either
structural or nonstructural (such as street cleaning). The purpose of this chapter
is to discuss the design of some structural BMPs.

Components of a Stormwater Management
System for Land Development

A stormwater management system for land development usually has the follow-
ing components: (a) a storage area to store and/or treat on-site runoff, (b) storm
sewers to carry the on-site runoff to the storage area, and (c) an outlet structure
to discharge the water from the storage area to a receiving water body in a
controlled manner.

Storage Areas

Many different types of storage areas are used for controlling and treating on-site
runoff. These include, but are not limited to, dry retention basins, dry detention
basins, dry retention–detention basins, wet detention basins, infiltration
trenches, roof top storage, and subsurface storage. The basins are also some-
times referred as “ponds.” This book covers the design of dry retention–
detention basins and wet detention basins. A key difference between a dry and
a wet basin is that the bottom of a dry basin, whether it is a dry retention
basin (Fig. 4-1), dry detention basin (Fig. 4-2), or dry retention–detention basin
(Fig. 4-3), is above the water table, and the basin is expected to dry up between
storm events. The bottom of a wet detention basin is below the water table
(Fig. 4-4), and as a result water is always visible in a wet detention basin. If
properly designed, a wet basin can be aesthetically pleasing as it serves as an
artificial “lake.”

Dry Retention Basins

A dry retention basin, shown in Fig. 4-1, does not have an engineered outlet
structure, such as a weir, pipe, or spillway, and the only way that water is
removed from a retention basin is via evaporation or infiltration. A retention
basin, therefore, theoretically provides 100% pollutant removal because no
water—contaminated or clean—leaves the basin to a receiving water body.
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Dry Retention–Detention Basins

In a dry retention–detention basin, shown in Fig. 4-3, an outlet structure is placed
at some elevation above the basin bottom. The water stored below the outlet
structure elevation is “retained,” as it can leave the basin only via infiltration or
evaporation. The water stored above the outlet structure elevation is said to be

Fig. 4-1 Description of a dry retention basin

Retention  Storage 

Water Table 

Ground

Max. Water Level 

Free Board

Fig. 4-2 Description of a dry detention basin

Detention Storage

Water Table 

Ground
Free Board

Rectangular Weir 

Fig. 4-3 Description of dry retention–detention basin
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Free Board Ground
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“detained” (Fig. 4-3), as it is stored only temporarily in the basin. Usually the
runoff due to the first few centimeters of precipitation, also known as the “first
flush,” is contaminated as it washes the watershed of contaminated dust
particles, oil lying on the pavement due to oil leaks from vehicles, and other
types of contamination. A dry retention—detention basin provides improved
water quality by retaining this first flush. It also provides flood relief by
discharging water into a receiving water body in a controlled manner via the
outlet structure.

Dry Detention Basins

In a dry detention pond the outlet structure is placed right at the pond bottom
(Fig. 4-2). As a result, there is no retention of the first flush but the basin does
provide flood relief.

Wet Detention Basins

As shown in Fig. 4-4, a wet-detention pond consists of two outlet structures, a
small circular opening, usually referred to as an “orifice” or a “bleed down
device” and a larger weir usually referred to as the overflow weir. A small
triangular weir could also be used in place of the circular orifice. The smaller
outlet structure ideally should be placed at the season high water table (SHWT)
mark so that it cannot drain groundwater. The elevation at which the bleed down
device is placed is called the control elevation (CE). Ideally, the CE should
coincide with the SHWT elevation. The pond bottom is sometimes several
meters below the CE, and the volume contained in the basin below the CE is
referred to as the “permanent pool volume” (PPV).

The purpose of the PPV is to provide a nice aesthetic effect and also to clean
the “dirty” water entering the pond via particle settlement or sedimentation,
algal growth, and biological oxidation of organic materials. The bleed down

Fig. 4-4 Description of a wet detention basin
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device is designed to discharge the water slowly from the pond to allow the
dirty water to stay in the pond for a long enough period so that it can be treated
prior to being discharged. The elevation at which the overflow weir is placed is
termed the “overflow elevation” (OE). The overflow weir is provided to
alleviate flooding conditions within the basin, as it allows the basin water to
discharge into a receiving body of water. The volume of water contained
between the weir and the bleed down device is referred to as “treatment
volume” (TV) as shown in Fig. 4-4. The water in the pond also can be treated
biologically by providing a gently sloping “littoral” zone, usually on the
periphery of the pond. A littoral zone consists of aquatic plants with the
capability of assimilating nutrients from the pond water. The littoral zone
should not extend more than 1 m below the CE. As discussed in Problem 4-20,
the slopes m1, m2, and m3, shown in Fig. 4-4, must be within an assigned range
based on the applicable code.

Storm Sewers

Storm sewers are pipes that are especially designed to convey stormwater or on-
site runoff to the basins using gravity flow.

Design of a Stormwater Management System
for Land Development

The design of a stormwater management system requires the following steps:

1. Development of a design hyetograph
2. Estimation of the excess or net rainfall hyetograph or runoff depths
3. Estimation of the time of concentration (tc)
4. Determination of peak flowrate or the direct runoff hydrograph (DRH)
5. Design of conveyance system
6. Design of storage area
7. Design of outlet structure
8. Estimation of the flood elevation by routing
9. Final check to determine if design meets all necessary codes.

Although other methods are discussed in some problems, this book mainly
focuses on the design of a stormwater management system using the Natural
Resources Conservation Service (NRCS) methods. These methods are also
known as the Soil Conservation Service (SCS) methods. The NRCS methods
are fairly comprehensive, and a detailed discussion of these methods is provided
in SCS (1986). These methods are also described in several hydrology textbooks.

Development of a Design Hyetograph

Several methods are available to determine a design hyetograph. This book
covers the following three methods: (i) triangular hyetograph method (Problem
4-2); (ii) NRCS method (Problem 4-3); and (iii) alternating block method
(Problem 4-4).
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Estimation of the Excess or Net Rainfall Hyetograph or Runoff Depths

Several methods are available to determine excess or net rainfall hyetographs,
such as the NRCS method and the Green-Ampt method. This book discusses the
NRCS method (Problem 4-5).

Estimation of the Time of Concentration (tc)

Many methods are discussed in the literature for estimating the time of
concentration. The two methods covered in this book are the NRCS method
(Problem 4-6) and the kinematic wave method (Problem 4-7).

Determination of Peak Flowrate or the Direct Runoff

Hydrograph (DRH)

Peak flowrates and/or direct runoff hydrographs are required to design various
components of the stormwater management system. The advantage of deter-
mining a DRH is that it provides the hydrograph including the peak flowrate.
However, there are methods that are used to determine just the peak flowrate.
Two of the methods that can be used to predict just the peak flowrate are the
NRCS graphical method (Problem 4-8) and the rational method (Problems 4-11
and 4-12). A vast number of methods are available for estimating the DRH. One
of the methods, the convolution method, was discussed in Problems 3-2 and 3-3.
However, the convolution method may not be possible in land development
projects, as the watershed being developed usually is ungagged, and a unit
hydrograph is not available. Among the many approaches proposed to determine
the DRH for ungagged watersheds, two commonly used methods for determin-
ing DRH hydrographs in land development are the NRCS tabular method and the
Santa Barbara urban hydrograph (SBUH) method. These methods are discussed
in Problems 4-9 and 4-10, respectively.

Design of a Conveyance System

In most land development projects, the runoff is conveyed via storm sewers or
by shallow grassy channels, also known as swales. The design of storm sewers is
discussed in Problem 4-13, whereas the design of swales will be identical to the
methods described in Problems 2-16 and 2-17.

Design of Storage Areas

The design of single and two-stage dry retention–detention basins are described
in Problems 4-16 and 4-17. Problems 4-14 and 4-15 demonstrate how useful
trendline equations can be obtained in the design of dry retention–detention
basins. The design of a wet detention basin is discussed in Problems 4-18 to 4-20.
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Problem 4-1: Estimation of IDF Graphs
Using Trendlines

Problem Statement

Determine a trendline equation for the 25-year intensity-duration-frequency
(IDF) graph for Zone 7, Florida. Also determine the corresponding R2 for the
trendline equation and the percentage error introduced by using the trendline
equation.

Background

IDF graphs, if available, are very handy for estimating rainfall intensity if the
duration and frequency of the rainfall event are known. The rainfall intensity and
duration data for a 25-year storm in Zone 7, Florida, is provided in Spreadsheet 4-
1. The initial intensity data were obtained in in./h and were converted to cm/h.
Among other applications, IDF graphs are used when engineers estimate peak
flowrates using the rational method.

Assumptions

A second-order polynomial has been used to determine the values of rainfall
intensity, s, as a function of log t.

Equations

1. itr = 2.681ðlog tÞ2 − 22.251ðlog tÞ+ 40.75

2. PE= ði− itrÞ=i× 100%

where i is the rainfall intensity (cm/h) obtained from the IDF graph, itr is the
rainfall intensity (cm/h) predicted by the trendline, t is time (minutes), and PE is
the percent error in the value estimated by the trendline.

Solution Procedure

A graph was plotted between i and log t (Chart 1 of Spreadsheet 4-1) and was
fitted by a second-order trendline equation. The corresponding R2 value was
obtained using Excel. The trendline equation was converted to Eq. 1 shown
above. Using Eq. 1 will be much more convenient to estimate rainfall intensity
than repeatedly reading the IDF graph. The trendline equation should only be
used for t between 0 and 2 h as that was the range of data for which it was
developed. Extrapolating trendline equations to outside their range can lead to
large errors.

Solution

The equation obtained from the trendline analysis is Eq. 1. The maximum
percentage error is 1.71% as shown in Spreadsheet 4-1. The trendline equation
can be considered accurate because the highest percentage error is less than 2%.
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Assigned Problem 4-1-1

Create a spreadsheet to determine the trendline equations for the 5-year
(T = 5 years) storm for Zone 7, Florida. The intensity-duration data are shown
in Spreadsheet 4-1a. Also determine the percentage error introduced by using
the trendline equation.

Assigned Problem 4-1-2

Rework Problem 4-1 using a third-order polynomial as a trendline equation and
determine if the percentage error reduces compared with the second-order
equation.
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Problem 4-2: Estimation of a Design Hyetograph
Using the Triangular Hyetograph Method

Problem Statement

Determine the peak rainfall intensity, ip, and time at which peak intensity
occurs, ta, for a hyetograph resulting from a 60-min, 25-year storm in Zone 7,
Florida. The rainfall depth is 11.43 cm and the storm advancement coefficient, r,
is 0.40.

Background

The triangular hyetograph method is one of the simplest methods. This method
assumes that the hyetograph has a triangular shape with a duration, td, and peak
intensity, ip. The storm advancement constant, r, is the ratio of ta and td. These
definitions lead to the following two equations:

ip = 2P=td (4-1)

and

tb = tdð1− rÞ (4-2)

where P is the rainfall depth. Values of r for large cities can be found
in Wenzel (1982). The rainfall depth, P, for this problem was obtained at
http://www.nws.noaa.gov/oh/hdsc/PF_documents/TechnicalPaper_No40.pdf. This
website can be used to determine P for at any location in the United States for
several assigned values of the return period, T , and storm duration, td.

Assumptions

It is assumed that the hyetograph has a triangular shape and that the value of r is
independent of rainfall depth or duration.

Equations

1. ip = 2P=td

2. tb = tdð1− rÞ
3. ta = ðtd − tbÞ

where P is the rainfall depth, and tb is the duration between the time at which ip
occurs to the end of the rainfall event.

Solution Procedure

The problem solution is straightforward and is shown in Spreadsheet 4-2.

Solution

The maximum intensity of 22.86 cm/h occurs after a period of 24 min.
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What-If Analysis

Determine the effect of the storm advancement coefficient r by plotting a graph
of ip versus r for a 60-min storm event if P = 12 cm.

Assigned Problem 4-2-1

Determine the triangular hyetograph for a 15-min, 100-year storm in Cleveland,
Ohio. The value of r for Cleveland is 0.375.

Assigned Problem 4-2-2

Determine the triangular hyetograph for a 24-h, 100-year storm in Cleveland,
Ohio. The value of r for Cleveland is 0.375.

Assigned Problem 4-2-3

Determine the triangular hyetograph for a 24-h, 100-year storm in Chicago,
Illinois. The value of r for Chicago is 0.375.
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Problem 4-3: Estimation of a Design
Hyetograph Using the NRCS Method

Problem Statement

Determine the precipitation hyetographs resulting owing to 24-h, 25-year storm
events at Los Angeles, California; Seattle, Washington; Lincoln, Nebraska; and
Miami, Florida, using the Natural Resources Conservation Service (NRCS)
method.

Background

The NRCS method for estimating hyetographs is based on four synthetic
regional dimensionless rainfall time distributions known as Type I, Type 1A,
Type II, and Type III distributions. The rainfall distributions are the ratios of
the cumulative precipitation P at a given time and the cumulative precipitation
P24, which occurs over a 24-h period. The values of P=P24 for all four types of
precipitation distribution are shown in Spreadsheet 4-3. Type I and IA repre-
sent the Pacific maritime climate, Type III represents the Gulf of Mexico and
Atlantic Coastal areas, and Type II represents the rest of the country.
The exact areas covered by these distributions can be found at http://www
.lmnoeng.com/RainfallMaps/RainfallMaps.htm for the remaining part of the
United States. Specifically, the cities of Los Angeles, Seattle, Lincoln, and
Miami come under Type I, Type 1A, Type II, and Type III distributions
respectively. The P=P24 values for the four regions can be found at www
.hydrocad.net/rftables.htm#SCS%20Rainfalls. The 25-year, 24-h rainfall depths
for the four locations are shown in Spreadsheet 4-3 and can be found at the
previous link at www.wrcc.dri.edu/pcpnfreq.html for the western states and at
www.lmnoeng.com/RainfallMaps/RainfallMaps.htm for the remainder of the
country. It is worth noting that the Type II and Type III precipitation distribu-
tions yield the highest peak intensities (Lincoln and Miami).

Equations

1. iI = ½ðP=P24Þt+Δt − ðP=P24Þt+Δt�IðP24Þ=Δt
2. iIA = ½ðP=P24Þt+Δt − ðP=P24Þt+Δt�IAðP24Þ=Δt
3. iII = ½ðP=P24Þt+Δt − ðP=P24Þt+Δt�IIðP24Þ=Δt
4. iIII = ½ðP=P24Þt+Δt − ðP=P24Þt+Δt�IIIðP24Þ=Δt

where iI, iIA, iII, and iIII are the rainfall intensities for the Type I, Type 1A,
Type II, and Type III distributions respectively; t is time; and Δt is the incre-
mental duration.
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Solution Procedure

The solution is shown in Spreadsheet 4-3.

Assigned Problem 4-3-1

Create a spreadsheet to determine the precipitation hyetographs resulting due to
24-h, 25-year storm events in Sacramento, California; Portland, Oregon; Kansas
City, Missouri; and New York City, New York using the Natural Resources
Conservation Service (NRCS) method.
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Problem 4-4: Estimation of a Design
Hyetograph Using the Alternating

Block Method

Problem Statement

Determine the hyetograph ordinates resulting from a 2-h, 25-year storm event in
Zone 7, Florida, using the alternating block method. Use a time increment of
5 min.

Background

The alternating block method for estimating hyetographs utilizes IDF curves and
is designed to estimate the worst condition hyetograph for the given T -year
period. The NRCS design hyetographs, discussed in Problem 4-3, were created
using the alternating block method.

Assumption

The main assumption of the alternating block method is that the maximum
rainfall depth occurs at the center of the storm.

Equations

1. i= 2.6824ðlog tÞ2 − 22.251ðlog tÞ+ 40.75

2. Pt = itt

3. ΔPt+Δt =Pt+Δt −Pt

where it is the 25-year rainfall intensity at time t, Pt, and Pt+Δt are the cumulative
rainfall depths at times t and t+Δt, ΔP is the incremental rainfall depth, and t is
time.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-4. The value of t is between 0
and 2 h, because the objective is to determine a 2-h hyetograph. The trendline
equation determined in Problem 4-1 (Eq. 1 of Problem 4-1) was used to represent
the IDF curve. The ΔP values were calculated using Eqs. 2 and 3. Because the
main assumption of the alternating block method is that the maximum rainfall
depth occurs at the center of the storm, the highest incremental rainfall depth
(2.21 cm) is placed at t= 60 min in the last column (ΔPalt) of Spreadsheet 4-4.
The next highest value (1.32 cm) is placed at t= 65 min and the following highest
number (1.04 cm) at t= 55 min. Each value ofΔP is alternately placed below and
above the central number (or block), which is why the method derives its name
as the “alternating block method.”
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Solution

The design hyetograph ordinates are provided in Spreadsheet 4-4.

Assigned Problem 4-4-1

Create a spreadsheet to determine the hyetograph resulting from a 2-h, 5-year
storm events in Zone 7, Florida, using the alternating block method. (Hint: You
will have to use the IDF equation obtained from Problem 4-1.)

Assigned Problem 4-4-2

Determine the hyetograph resulting from a 3-h, 25-year storm event in Zone 7,
Florida, using the alternating block method. Use a time increment of 5 min.

Stormwater Management 141

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 4-5: Estimation of Runoff Depth
Using the NRCS Method

Problem Statement

Determine the values of the incremental runoff depth (ΔQ) resulting from a 24-h,
25-year storm event at a commercial watershed in Miami, Florida, using the
Natural Resources Conservation Service (NRCS) method. The pervious curve
number (CNp) for the land use is 90. The fraction of initial abstraction f = 0.2.
The 24-h rainfall depth, P24, is 28 cm.

Background

The second step in designing a stormwater management system, after determining
the design hyetograph (which is the first step), is determining the amount of
rainfall that converts into runoff, which is also termed “net precipitation” or
“excess precipitation.” The NRCS has developed a method for estimating the
runoff depth known as the curve number (CN) method. The CN, a dimensionless
number, depends on the type of soil (sand, clay, etc.), type of land use (residential,
commercial, etc.) and the existing antecedent moisture condition, which is based
on the degree of soil saturation prior to the design precipitation event. The CN
range is typically from 40 for highly pervious areas to 98 for impervious areas. The
fraction of initial abstraction is usually assumed to be 0.2, although it could have a
different value. Equations 1 and 4 following were developed by the NRCS.

Equations

1. S = 2,540=CN− 25.4

2. Ia = 0.2S

3. ΔPt = itΔt

4. Pt+Δt =ΔPt+Δt +Pt

5. Qt = ðPt − IaÞ2=ðPt − Ia +SÞ for Pt ≥ Ia and zero otherwise

6. ΔQt+Δt =Qt+Δt −Qt

7. ΔA=ΔP −ΔQ

8. At+Δt =ΔAt+Δt +At

9. Anet =A− Ia for Anet ≥ Ia and zero otherwise

where it is the 25-year rainfall intensity for Miami, Florida (obtained from Problem
4-3); S is the potential maximum retention after runoff begins in cm; Ia is the initial
abstraction; ΔP, ΔQ, and ΔA are the respective incremental rainfall, runoff, and
abstraction depths during a time interval Δt; P, Q, and At are the respective
cumulative rainfall, runoff, and total abstraction depths; Anet is the net abstraction,
which is the difference between the total and initial abstraction depth; and
subscripts t and t+Δt are used to define values before and after the period Δt.
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Solution Procedure

The solution is shown in Spreadsheet 4-5. The values of i were imported from
Spreadsheet 4-3. It is usually a good idea to combine the spreadsheets of
Problems 4-3 and 4-5 into a single spreadsheet. The calculations using Eqs. 5
and 9 require an “IF” statement, as two possible values are possible. Note that
runoff cannot occur if Pt is less than or equal to Ia. A substantial error can occur
if one neglects to put this “IF” statement in the cell equation of Eq. 5, because the
term Pt − Ia is squared in the equation and will yield positive numbers even if
Pt − Ia is negative.

Solution

The design precipitation of 27.94 cm results in a runoff depth of 24.82 cm. The
precipitation abstracted by the ground is therefore 3.12 cm, and the percentage
of precipitation that converts to runoff is 88.83%. The relatively low amount of
abstraction is due to the high CN value of the land use. The highest amount of
runoff (5.517 cm) occurs in the period between 12.00 and 12.5 h. The total
abstraction is 3.123 cm, and the net abstraction is 2.558 cm. Notice that the net
abstraction (2.558 cm) is approximately 90% of the maximum possible abstrac-
tion, S (2.822 cm).

What-If Analysis

Determine the effect of CNp by plotting (a) a graph between Anet at t= 24 h and
CNp and (b) a graph between the percentage of S that is used for abstraction
over a 24-h period versus CNp. The range of CNp should be between 40 and 90.
What conclusions can you make from these graphs?

Assigned Problem 4-5-1

Determine the incremental runoff depths resulting from a 24-h, 25-year storm
event at an undeveloped watershed in Los Angeles, California, using the Natural
Resources Conservation Service (NRCS) method. The land use CN is 61.

Assigned Problem 4-5-2

Determine the incremental runoff depths resulting from a 24-h, 25-year storm
event at an undeveloped watershed in Lincoln, Nebraska, using the Natural
Resources Conservation Service (NRCS) method. The land use CN is 48.
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Problem 4-6: Estimation of Time of
Concentration Using the NRCS Method

Problem Statement

Determine the time of concentration for a watershed in Miami, Florida, using the
Natural Resources Conservation Service (NRCS) method. The sheet flow length
is 30.5 m and occurs over dense grass at a slope of 0.01. The shallow
concentrated flow occurs over 427 m of unpaved surface with a slope of
0.01. The open channel flow occurs in a channel of slope 0.01 that has an area
of cross section of 2.5 m, a wetted perimeter of 8.60 m, and a flow length of
2,225 m. The 2-year, 24-h precipitation depth in Miami is 9.14 cm, and the
Manning’s n for sheet flow and open channel flow are 0.24 (dense grasses) and
0.05, respectively.

Background

Several methods are used to estimate the time of concentration, which is defined
as the time it takes from the hydraulically farthest point of the watershed to the
outlet of the watershed. The two methods discussed in this text are the NRCS
method and the kinematic wave method. The NRCSmethod defines three types of
flows known as sheet flow, shallow concentrated flow, and open channel flow.
Sheet flow occurs over relatively flat surfaces such as parking lots, pavements,
lawns, etc. There are two key features of sheet flow: (a) it is spread out and,
therefore, occurs at very shallow depths and (b) studies have shown that the
maximum distance over which it can occur is 91.5 m. As opposed to sheet flow,
shallow concentrated flow is not spread out and can occur on unpaved areas,
parking lots, roadside gutters, drainage pipes, or small roadside canals or ditches.
In the NRCS method, open channels are defined as channels that are visible on
aerial photographs or appear as blue lines on U.S. Geological Survey (USGS)
maps. In other words, flow through small channels would be considered shallow
concentrated flow, whereas flow through larger channels would be considered
open channel flow. Average flow velocity in an open channel is usually determined
for bank-full elevation.

Equations

1. Tts = 0.029ðnsLsÞ0.8=½ðP2Þ0.5ðsÞ0.4�
2. Vp = 6.2ðspÞ0.5
3. Ttp =Lp=ð3,600VpÞ
4. Vu = 4.92ðsuÞ0.5
5. Ttu =Lu=ð3,600VuÞ
6. R=A=P

7. Vc = ð1=nÞ½ðAR2=3ÞðSÞ0.5�
8. Ttc =Lc=ð3,600VcÞ
9. Tc =Tts +Ttp +Ttu +Ttc
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where Tts, Ttp, Ttu, and Ttc are the respective travel times (hours) of sheet flow,
shallow concentrated paved flow, shallow concentrated unpaved flow, and
channel flow; Ls, Lp, Lu, and Lc are the respective lengths (m) of sheet flow,
shallow concentrated paved flow, shallow concentrated unpaved flow, and
channel flow; Vp, Vu, and Vc are the respective velocities (m/s) of shallow
concentrated paved flow, shallow concentrated unpaved flow, and channel flow;
s, sp, su, and S are the respective slopes of sheet flow, shallow concentrated
paved flow, shallow concentrated unpaved flow, and channel flow; ns and nc are
the respective Manning’s coefficients for overland flow and channel flow; P2 is
the 2-year, 24-h precipitation depth (cm); R, A, and P are the respective
hydraulic radius, cross-sectional area, and wetted perimeter of the open chan-
nel; and Tc is the time of concentration. Eqs. 1, 2, and 4 were developed in
English units by the NRCS but have been converted to international units.
Typically, the Manning’s n for overland flow are usually much higher than the
Manning’s n for channel flow.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-6. The spreadsheet is
designed differently from other spreadsheets and follows the structure of the
spreadsheet created by the NRCS with some modifications. The shallow con-
centrated flow is only over an unpaved area, which is why Ttp = 0. An “IF”
statement is required when solving for Eqs. 3 and 5, because there is a division by
zero if Vp or Vu are equal to zero.

Solution

The time of concentration is 1.53 h as shown in Spreadsheet 4-6.

What-If Analysis

A what-if analysis shows that

(a) The Tc would increase to 2.02 h, a 32% increase, if the sheet flow occurred
over dense underbrush (ns = 0.8). Therefore, it is important to determine
the surface description of sheet flow with care.

(b) The Tc decreases to 1.40 h, only an 8% decrease, if su increases 500% (from
0.01 to 0.05).

Assigned Problem 4-6-1

Determine Tc if the shallow concentrated flow occurred over a paved surface
instead of the unpaved surface (all other parameters remain the same as in
Problem 4-6).
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Problem 4-7: Estimation of Time of
Concentration Using the Kinematic

Wave Method

Problem Statement

Determine the time of concentration, Tc, for a watershed in Zone 7 of Florida,
during a 25-year storm using the kinematic wave method. The flow length is
30.5 m and occurs over a slope of 0.01. The Manning’s n for overland flow is 0.24
(all dimensions are identical to those used for sheet flow in Problem 4-6).

Background

The kinematic wave method was developed primarily for overland or sheet flow
such as flow over airports. There is an important difference between the NRCS
and kinematic wave methods. The NRCS sheet flow equation is generally used
for 24-h storm events, whereas the kinematic wave method assumes that the
storm duration is equal to the time of concentration. Therefore, in general, the
duration of the storm event is much smaller than 24 h in the kinematic wave
method. Because precipitation intensity is indirectly proportional to the precipi-
tation duration, the storm intensity determined by the kinematic wave method is
usually higher and the predicted Tc is smaller compared with the NRCS method.

Equations

1. Td =Tc

2. i= 2.681ðlogTdÞ2 − 22.251ðlogTdÞ+ 40.75

3. Tc = 2.875ðnLÞ0.6=½ðiÞ0.4ðsÞ0.3�

where Td is the duration of the storm event (minutes), Tc is the time of
concentration (minutes), i is the rainfall intensity (cm/h), n is the Manning’s
roughness coefficient for overland flow, L is the flow length, and s is the
watershed slope. Eq. 2 is Eq. 1 of Problem 4-1. Eq. 3 was developed in English
units but has been converted to international units.

Solution Procedure

The solution procedure is iterative and is shown in Spreadsheet 4-7. An iterative
solution is required (Spreadsheet 4-7) as there are more than one unknown in all
three equations. The first value of Td = 30 min is assumed. After that, the values
of Td are calculated using Eq 1. The iterative procedure continues until Td =Tc.

Solution

Tc = 11.34 min (0.19 h) as shown in Spreadsheet 4-7. As expected, the Tc value
predicted by the kinematic wave method (0.19 h) is smaller than the travel time,
Tts, predicted by the NRCS method (0.3 h).
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What-If Analysis

A what-if analysis shows that

(a) The Tc would increase to 26.72 min (0.45 h, a 136% increase) if the
Manning’s n were 0.8 instead of 0.24.

(b) The Tc decreases to 6.5 min, a 43% decrease, if su increases 500% (from 0.01
to 0.05).

Assigned Problem 4-7-1

Solve Problem 4-7 using the circulation cell feature of the spreadsheet.

Assigned Problem 4-7-2

Create a spreadsheet to determine Tc for a watershed in Zone 7 of Florida,
during a 5-year storm using the kinematic wave method. All parameters are the
same as in Problem 4-7.

Hint

Use the solution of Assigned Problem 4-1-1.
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Problem 4-8: Estimation of Peak Flowrate
Using the NRCS Graphical Method

Problem Statement

Determine the peak flowrate, qp, occurring at the outlet of a 100 ha watershed
located in Type II NRCS zone due to a 15-cm precipitation event. The watershed
curve number (CN) is 75, and the time of concentration Tc is 1.53 h. Assume that
the pond and swamp factor is one and that the fractional initial abstraction is 0.2.
The regression coefficients for estimating unit peak discharge, qu, are C0 = 2.553,
C1 = − 0.615, and C2 = − 0.164. These coefficients can be obtained from Table F-
1 of SCS (1986).

Background

The NRCS graphical method is used to estimate the peak discharge at the outlets
of homogeneous rural and urban watersheds that can be described by a single
CN and Tc. The method does not provide the entire hydrograph. The graphical
method is a good method to verify the results obtained from other methods such
as the Santa Barbara urban hydrograph (SBUH) method and the NRCS tabular
method, which are used to determine the DRH. This method should be limited to
Tc values ranging from 0.1 to 10 h and Ia=P values ranging from 0.1 to 0.5.

Assumption

The fraction of S that becomes initial abstraction, f, is assumed to be 0.2.

Equations

1. S = 1,000=CN− 10

2. Ia = f S

3. Ratio= Ia=P

4. X = logðquÞ=Co +C1ðlogTcÞ+C2ðlogTcÞ2
5. qu = 10X

6. Q= ðP − IaÞ2=ðP − Ia + SÞ for P ≥ Ia

7. qp = quAQFp

where S is the potential maximum retention after runoff begins in cm; Ia is the
initial abstraction; f is the fraction of S that becomes initial abstraction (usually
assumed to be 0.2); ratio is simply the ratio of Ia and P; qu is the unit peak
discharge; Fp is the pond and swamp adjustment factor; A is the watershed area;
and Co, C1, and C2 are regression coefficients needed to estimate log qu. The
symbol ðRatioÞro shown in Spreadsheet 4-8 represents the rounded-off value of
the ratio Ia=P.
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Solution Procedure

The solution procedure is described in Spreadsheet 4-8. The ratio Ia=P is
rounded off to the nearest Ia=P value published in Table F1 of SCS (1986).
In this case, that value is 0.1. Because the regression coefficients were only
developed for English units, the input data for the drainage area and the rainfall
depth, in international units, are converted to English units (or U.S. customary
units) to determine qu, and the final result is converted back to international
units. All of the equations, with the exception of Eqs. 2 and 5, were developed for
English units. The units of qu in the English system are csm/in. where csm stands
for cubic ft per s per mi2, i.e., 1 csm= 1 ft3=ðs-mi2Þ. Eq. 6 requires an “IF”
statement as discussed in Problem 4-5.

Solution

The peak flowrate was calculated to be 9.5 m3=s.

What-If Analysis

Conduct a what-if analysis to determine the effect of precipitation depth, P, on
the peak flowrate qp. Plot a graph of P versus qp. Also determine the effect of the
curve number (CN) on the peak flowrate qp. Plot a graph of CN versus qp.

Assigned Problem 4-8-1

Determine the peak flowrates at the outlet of the watershed of Problem 4-8
(all parameters remain the same) if the watershed was in Type I, Type IA, and
Type III NRCS zones.

Hint

The values of C0, C1, and C2 will have to be read from Table F1 of SCS (1986).
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Problem 4-9: Estimation of Hydrograph Using
the NRCS Tabular Method

Problem Statement

Determine the peak flowrate occurring at the outlet, O, of a 429 ha watershed,
shown in Fig. 4-5, due to a 15.24 cm precipitation event. The watershed is
located in Type II NRCS zone. The watershed has seven subareas (Fig. 4-5)
and the various characteristics of these subareas (area, time of concentra-
tion, travel time, and curve number) are shown in Spreadsheet 4-9. The
coefficients for estimating unit peak discharge, qu, can be obtained from
Tables A-2 to A-5 (Exhibit 5-2 of TR-55, SCS 1986) and are also provided in
Spreadsheet 4-9.

Background

The NRCS tabular method is an improvement over the graphical method for two
reasons: (a) it can be used for nonhomogeneous watersheds with multiple
subareas, and (b) it provides the entire hydrograph instead of just the peak
flowrate. Each subarea should be homogeneous, i.e., it must be defined by one
value of tc and CN, and should have no more than one main channel within the
subarea. The watershed must have a single main channel, which is Channel AO
for this watershed (Fig. 4-5). The time of concentration for each subarea, in this
method, is defined as the time it takes for the water to traverse from the
hydraulically farthest point to the outlet of the subarea. Thus, Tc = 1.50 h for
Subarea 1 implies that the time it takes for the water to traverse from the

Fig. 4-5 Watershed description for Problem 4-9 (from SCS 1986)

B
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hydraulically farthest point of Subarea 1 to A is 1.5 h because A is the outlet of
Subarea 1. This method introduces the concept of travel time, Tt, which is the
time that water takes to traverse the main channel. If the main channel passes
through subareas, such as Subareas 3, 5, and 7 in this case, then one needs to
know (or compute) the travel times Tti for each segment.

The respective times it takes for the water to travel through the main channel in
Subareas 1, 5, and 7 are shown in Spreadsheet 4-9. The travel time of 0.5 h for
Subarea 3 implies that the time it takes for the water to traverse segment AB of
the main channel is 0.5 h. One must read the values of qu from Exhibits
5-1, 5-1A, 5-2, and 5-3 of SCS (1986), depending on the location of the
watershed. In this problem, the watershed is located in Type II NRCS zone,
and consequently the qu values were obtained from Exhibit 5-2. The qu values
are based on values of Ia=P, Tc, and Tt, which is why these three parameters
have to be determined prior to reading the values of qu. As in Problem 4-8, the
ratio Ia=P is rounded off to the nearest Ia=P values (0.1, 0.3, and 0.5) provided
in Exhibit 5-1 through Exhibit 5-3 of SCS (1986).

Assumption

The fraction of S that becomes initial abstraction, f , is assumed to be 0.2.

Equations

1. Tts =
P

Tti for i= 1 to n

2. S = 1,000=CN− 10

3. Ia = 0.2S

4. Ratio= Ia=P

5. Q= ðP − IaÞ2=ðP − Ia + SÞ for P ≥ Ia

6. qp = ðquAQFpÞ=ð35.29Þ

where Tti is the travel time in the main channel through Subarea i, and Tts is the
cumulative travel time through the main channel between the outlet of the
subarea to the watershed outlet. All other symbols have the same definitions as
in Problem 4-8.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-9. Owing to space constraints
in the spreadsheet, the solution only shows the hydrograph between 12.7 and
15.5 h. This time span was selected because peak flowrates usually occur during
this period in NRCS precipitation distributions. As in Problem 4-8, the values of A
and P have to be converted to English units because qu values given in Exhibits
5-1 through 5-3 of SCS (1986) are only provided in English units. Values of the
peak flowrate, qp, are converted to SI units using Eq 6.
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Solution

The flowrate at the outlet changes from 17.9 m3=s to 11.7 m3=s in the
period between 12.7 and 15.5 h with a peak flowrate of 24.8 m3=s occurring
at 13.6 h.

Assigned Problem 4-9-1

Determine the hydrograph (for the period between 12.7 and 15.5 hr) and the
peak flowrate at the outlet of Subarea 1 (point A in Fig. 4-5) due to the
precipitation on Subarea 1 alone, for the conditions given in Problem 4-9.

Hint

Only Subarea 1 is contributing outflow at A.

Assigned Problem 4-9-2

Determine the hydrograph (for the period between 12.7 and 15.5 h) and the
peak flowrate at the outlet of Subareas 1 and 2 (point A in Fig. 4-5) due to the
precipitation on Subareas 1 and 2, for the conditions given in Problem 4-9.

Hint

Both Subareas 1 and 2 are contributing outflow at A.

Assigned Problem 4-9-3

Determine the hydrograph (for the period between 12.7 and 15.5 h) and the peak
flowrate at the outlet of Subarea 3 (point B of Fig. 4-5) for the conditions given in
Problem 4-9.

Assigned Problem 4-9-4

Determine the peak flowrate qp at O (Fig. 4-5) if Subarea 4 of Problem 4-9 is
developed and, as a result, the CN of Subarea 4 increases to 90 while its Tc

reduces to 0.5 hr. All other parameters remain the same as in Problem 4-9.

Assigned Problem 4-9-5

Determine the peak flowrate qp at O (Fig. 4-5) if the main channel, through
Subarea 5 of Problem 4-9, is straightened and, as a result, the Tt through Subarea
5 reduces from 1 h to 0.5 h. All other parameters remain the same as in
Problem 4-9.
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Problem 4-10: Estimation of Hydrograph
Using the SBUH Method for
a Homogeneous Watershed

Problem Statement

Determine the DRH occurring at the outlet of a 100 ha watershed located in
Type II NRCS zone owing to a 15-cm precipitation event. The P=P24 values at
various times are obtained from Problem 4-3 (Lincoln, Nebraska) and are shown
in Spreadsheet 4-10. The watershed curve number (CN) is 75, and the time of
concentration, Tc, is 1.53 h. Use Δt= 2 h. There is no directly connected
impervious area.

Background

This problem is identical to Problem 4-8. The SBUH method computes hydro-
graphs by first computing an instantaneous hydrograph and then routing the
instantaneous hydrograph through the watershed with the assumption that
the watershed behaves as an imaginary linear reservoir with a routing constant
equal to the watershed time of concentration. The instantaneous unit hydrograph
is computed with the assumption that all runoff, generated during a relatively
small time period, Δt, is removed from the watershed during Δt. If Δt is really
small, then the runoff generated must be removed “instantaneously.” Clearly, the
accuracy of the method should increase if the selected Δt is relatively small. Any
impervious area within the watershed is considered to be connected, or directly
connected, if the runoff from that area flows directly into the drainage system. It
is also considered connected if runoff from this area runs over a pervious area as
shallow concentrated flow. However, it is considered to be unconnected if runoff
from this area runs over a pervious area as sheet flow. Sheet flow and shallow
concentrated flows are described in Problem 4-6.

In general, it is assumed that the SBUHmethod is more accurate than the graphical
method, which is considered to be the more conservative of the two methods,
i.e., the graphical method predicts slightly higher values of peak flow than the
SBUH method. The advantage of using the SBUH method over the graphical
method is that it provides a complete hydrograph instead of just peak flowrate,
which makes it possible to use the SBUH method for estimating flowrates from
nonhomogeneous watersheds with multiple subareas. The advantage of using the
SBUH method over the tabular method is that it is simply easier to use.

Assumption

The fraction of S that becomes initial abstraction, f , is assumed to be 0.2.

Equations

1. S = 2,540=CN− 25.4

2. Ia = f S
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3. P = ðP=P24ÞðP24Þ
4. ðΔPÞt+Δt =Pt+Δt −Pt

5. Q= ðP − IaÞ2=ðP − Ia + SÞ for P ≥ Ia

6. It+Δt = ðQt+Δt −QtÞðAÞ× 10,000=½ðΔtÞð3,600Þ�
7. ðQrÞt+Δt = ðQrÞt + ½Δt=ðΔt+ 2TcÞ�ðIt+Δt + It − 2Qt�

where Q is the cumulative runoff depth, I is the instantaneous flow, Qr is the
routed flow or the actual flowrate leaving the outlet of the watershed, and
subscripts t and t+Δt are used to define values before and after the period Δt.

Solution Procedure

The solution is shown in Spreadsheet 4-10.

Solution

The computed peak flowrate is 7.98 m3=s and occurs at 12.5 h. As expected, the
predicted peak flowrate is slightly smaller than the peak flowrate predicted by
the graphical method (9.5 m3=s).

What-If Analysis

Conduct a what-if analysis to determine the effect of

(a) f on the peak flowrate by plotting a graph of qp versus f. The range of f
should be from 0.05 to 0.5. Do you expect concrete to have the same f as
sandy soil? Is the trend shown by the graph similar to what you expected?
Explain briefly.

(b) DCIA on the peak flowrate by plotting a graph of qp versus DCIA. The range
of DCIA should be from 0 to 100%. Is the trend shown by the graph similar
to what you expected? Explain briefly.

(c) Tc on the peak flowrate by plotting a graph of qp versus Tc. The range of f
should be from 0.05 to 0.5. Do you expect concrete to have the same f as
sandy soil? Is the trend shown by the graph similar to what you expected?
Explain briefly.

Assigned Problem 4-10-1

Use the SBUH method to determine the hydrograph from the watershed
described in Problem 4-9.

Hint

Unlike the tabular method, there is no travel time concept in the SBUH method.
Therefore, to make the two methods equivalent, the time of concentration used
in the SBUH method should be the sum of the time of concentration and the
cumulative travel time of the tabular method. For example, the time of concen-
tration for Subarea 1 in the SBUH method should be 1.5+ 2.0= 3.5 h.
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Problem 4-11: Estimation of Peak Flowrate
Using the Rational Method for
a Homogeneous Watershed

Problem Statement

An open channel running from Point 1 to 3 connects the outlets of four subareas
as shown in Fig. 4-6. Points 1 and 2 are the respective outlets of Subarea 1 and 2,
whereas Point 3 is the outlet of Subareas 3 and 4 and also the entire watershed.
Under design conditions, water travels from Point 1 to 2 in 3 min and from 2 to 3
in 2 min. All four subareas are in Zone 7 of Florida. Subarea 1 is a 1.2 ha suburban
residential watershed (C1 = 0.4), Subarea 2 is a commercial area (A2 = 1.5 ha,
C2 = 0.8), Subarea 3 is an undeveloped area (A3 = 1.5 ha, C3 = 0.2), and Subarea 4
is an industrial park (A4 = 1.3 ha, C2 = 0.7). The times of concentrations of the
four subareas, Tc1, Tc2, Tc3, and Tc4, are 12, 8, 20, and 7 min, respectively.
Determine the peak flowrate at the outlet of Subarea 1 (Point 1 of Fig. 4-6) for a
25-year storm event using the rational method.

Background

The rational method was first introduced in the United States in 1889 and is still
widely used because of its simplicity. Similar to the graphical method, the
rational method computes just the peak flowrate at the watershed outlet and
not the entire hydrograph. The rational method is based on a very simple
equation:

Q=CiA (4-3)

where Q is the peak flowrate occurring at the outlet of the watershed, C is the
runoff coefficient, i is the rainfall intensity and A is the watershed area. The
rational method equation, Eq. (4-3), was initially developed for the English
system where Q, i, and A had units of ft3=s, in./h, and acres, respectively.

Fig. 4-6 Watershed description of Problem 4-11

Subarea 1 Subarea 2

Subarea 3 Subarea 4 

1
2

3

Open Channel
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Because 1 cfs is approximately equal to 1 acre-in./h (1 acre-in:=h= 1.008 cfs), the
runoff coefficient C was considered to be dimensionless.

The rational method runoff coefficient, C, is a function of the average abstrac-
tion rate of the watershed, which in turn is dependent on the watershed land use
and soil type. Similar to the kinetic wave method, the rational method typically
assumes that the duration of the storm event, D, must be equal to the time of
concentration (Tc) of the watershed. Under these conditions, the entire water-
shed area will contribute runoff to the outlet. However, some regulatory
agencies may require the design engineer to determine peak flowrates for storm
durations less than Tc and to select the highest estimated peak flowrate for
design purposes (see Assigned Problem 4-11-1). When the storm duration is less
than Tc, the entire watershed does not contribute runoff to the outlet, and the
engineer needs to have a mechanism, such as time-area curves, to determine the
percentage of area contributing runoff to the watershed (see Assigned Problem
4-11-1). In these cases, the watershed area contributing runoff to the watershed
outlet will be less than the total watershed area, and the rational method
equation can be modified to

Q=CiAc (4-4)

where Ac is the contributing watershed area. Eq. 4-4 has been converted to a
metric equivalent for the purposes of this book, and the metric equation takes
the form of

Q= 0.028CiAc (4-5)

where Q is in m3=s, i is in cm=h, and A is in ha. The number 0.028 ensures that
the runoff coefficients, determined for the English system, also can be used in
Eq. (4-5). The rainfall intensity of the storm event is calculated by the trendline
equation obtained found in Problem 4-1.

Assumption

The storm duration is equal to the time of concentration of the watershed.

Equations:

1. D=Tc

2. i= 2.681ðlogDÞ2 − 22.251ðlogDÞ+ 40.75

3. Q= 0.028CiAc

where i is the rainfall intensity (cm/h), D is the duration of the storm
event (h), Q is the peak flowrate (m3=s) at the outlet of the watershed, C is
the runoff coefficient, and Ac is the area (ha) contributing to the watershed after
time D.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-11.
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Solution

The computed peak flowrate is 0.267 m3=s.

What-If Analysis

Conduct a what-if analysis to determine

(a) The effect of C on Q by plotting a graph of Q versus C. The range of C is
from 0.2 to 1.0.

(b) The effect of Tc on Q by plotting a graph of Q versus Tc. The range of Tc is
from 0.25 h to 2 h.

Assigned Problem 4-11-1

Develop spreadsheets to determine the peak flowrate at the outlet of Subarea 1
of a 1.2 ha suburban, residential watershed (C = 0.4), in Zone 7 of Florida, for a
25-year storm event using the rational method for storm events of the following
duration: (a) 5 min, (b) 10 min. The time–area curves indicate that the percen-
tages of watershed area contributing to the watershed after 5 and 10 min are 20%
and 70%, respectively.
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Problem 4-12: Estimation of Peak Flowrate
Using the Rational Method for
a Nonhomogeneous Watershed

Problem Statement

An open channel running from Point 1 to 3 connects the outlets of four subareas
as shown in Fig. 4-6. Points 1 and 2 are the respective outlets of Subarea 1 and 2,
whereas Point 3 is the outlet of Subareas 3 and 4. Under design conditions, water
travels from Point 1 to 2 in 3 min and from 2 to 3 in 2 min. All four subareas are in
Zone 7 of Florida. Subarea 1 is a 1.2 ha suburban residential watershed
(C1 = 0.4), Subarea 2 is a commercial area (A2 = 1.5 ha, C2 = 0.8), Subarea 3 is
an undeveloped area (A3 = 1.5 ha, C3 = 0.2), and Subarea 4 is an industrial park
(A4 = 1.3 ha, C2 = 0.7). The times of concentration of the four subareas, Tc1, Tc2,
Tc3, and Tc4, are 12, 8, 20, and 7 min, respectively. Determine the peak flowrate at
the outlet of Subarea 2 (Point 2 of Fig. 4-6) for a 25-year storm event using the
rational method.

Background

Watersheds, or subareas, are considered nonhomogeneous if they have different
times of concentration or C values. Because Subareas 1 and 2 are contributing to
the outlet at 2, and because they have different times of concentration and
C values, the entire watershed consisting of both Subareas 1 and 2 should be
described as a nonhomogeneous watershed. For nonhomogeneous watersheds,
the rational method equation is modified to

Q= 0.028Cwi
X

Aci (4-6)

where i is the number of subareas contributing runoff to the outlet, Aci is the
contributing area of the ith subarea, and Cw is the weighted runoff coefficient,
which is defined as

Cw =
hX

ðCiAciÞ
i
=
X

Aci (4-7)

The time of concentration of a nonhomogeneous watershed is determined by
finding the time it takes for the water to travel from the hydraulically farthest
point of each subarea to the outlet and then selecting the largest of these values.
In this problem, the time it takes for the water to travel from the hydraulically
farthest point of Subarea 2 to the outlet is 8 min. Also, the time it takes for the
water to travel from the hydraulically farthest point of Subarea 1 to Point 2 is
12 min plus 3 min or 15 min. Therefore, the time of concentration for the entire
watershed will be 15 min.

Equations

1.
P

Aci =A1 +A2 for i= 2

2. Cw = ½PðCiAciÞ�=
P

Aci for i= 2
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3. Tt1 =Tc1 + t2

4. Tt2 =Tc2

5. Tmax = greater of Tt1 and Tt2

6. D=Tmax

7. i= 2.681ðlogDÞ2 − 22.251ðlogDÞ+ 40.75

8. Q= 0.028CwiAc

where n = number of subareas contributing to the outlet, Ac is the total area (ha)
contributing to the outlet (ha), Tt1 and Tt2 are the respective times it takes from
the hydraulically farthest points of Subareas 1 and 2 to get to the outlet, Tmax is
the time it takes for water to travel from the farthest hydraulic point to the outlet,
and Q is the peak flowrate at the outlet. Here, the outlet is defined as the location
where the peak flowrate is desired.

Solution Procedure

The solution is shown in Spreadsheet 4-12. It takes 15 and 8 min for the water to
travel from the hydraulically farthest points of Subareas 1 and 2 to the outlet,
respectively. Therefore, Tmax, and consequently D is equal to 15 min, which is
the greater of the two travel times. This is a fairly simple problem, because there
are only two subareas, and therefore only two travel times have to be calculated.
However, several travel times would have to be calculated in watersheds, with
several subareas.

Solution

The computed peak flowrate is 0.853 m3=s.

What-If Analysis

Conduct a what-if analysis to determine the effect of Tc1 onQ by plotting a graph
of Q versus Tc1. The range of Tc1 is from 3 to 15 min.

Assigned Problem 4-12-1

Determine the peak flowrate at Point 3 of the watershed shown in Fig. 4-6 during
a 25-year design storm.

Assigned Problem 4-12-2

Prove that Eqs. 2 and 8 can be combined to yield

Q= 0.028
�X

CiAi

�
i:
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Problem 4-13: Design of a Storm Sewer System
Using the Rational Method

Problem Statement

A watershed consisting of three subareas, in Zone 7 of Florida, is draining into a
lake (Fig. 4-7). Points A, B, and C are the respective outlets of the Subareas 1 to 3,
and Pipes AB, BC, and CD carry the runoff from the three subareas into the lake.
Subarea 1 is a residential area (A1 = 0.3 ha, C1 = 0.6, Tc1 = 4 min), Subarea 2 is a
parking lot (A2 = 0.2 ha, C2 = 0.8, Tc2 = 5 min), and Subarea 3 is a grassy area
(A3 = 0.4 ha, C3 = 0.1, Tc3 = 9 min). The Manning’s n value for the selected pipes
is 0.015. The inlet elevations at A, B, C, and D are 10 m, 9.12 m, 8.63 m, and
8.12 m, respectively. The pipe lengths are given in Spreadsheet 4-13. Determine
the diameters of the storm sewer pipes AB, BC, and CD for a 25-year design
storm.

Background

Eqs. 2 and 8 of Problem 4-12 can be combined to yield Q= ½PðCiAciÞ�i. Using
this equation is sometimes more convenient than using Eqs. 2 and 8. In the
rational method, pipe diameters are found in sequence with the diameter of
the most upstream pipe (AB) found first. There are two points worth noting:
(1) Each pipe drains a different area; pipe AB drains Subarea 1, pipe BC drains
Subareas 1 and 2, and pipe CD drains all three subareas; and (2) the pipe
diameters can be determined by several different methods; however, the
Manning’s n equation (Eq. 10) is used in this problem.

Assumptions

(1) It is assumed that all pipes will be flowing full during storm conditions (Eq. 10
was derived from the Manning’s n equation, with the assumption that the pipe is
flowing full). (2) The location of the EGL is not known initially; therefore, S is

Fig. 4-7 Watershed description of Problem 4-13

Storm Water Pipe 

A

Subarea 1 

Lake

Subarea 2 Subarea 3 

B C

D

Inlet 
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calculated with the assumption that the water level, during storm conditions, will
be at the top of the inlet. (3) It is assumed that pipe diameters are available in
increments of 20 cm; therefore, the selected pipe size, ds, is the next higher size
available. Although not done in this problem, engineers should calculate the
actual slope of the EGL, once the pipe diameter is calculated, and use that value
instead of Eq. 1 to recompute d and ds.

Equations

1. S = ðEu−EdÞ=L
2. Ac =

P
Acj

3. Tt1 =Tc1 +
P

ttk

4. Tt2 =Tc2 +
P

ttk

5. Tt3 =Tc3 +
P

ttk

6. Tmax = largest Tti

7. D=Tmax

8. i= 2.681ðlogDÞ2 − 22.251ðlogDÞ+ 40.75

9. Q= 0.028ðPCiAiÞi
10. d= ð3.21Qn=S0.5Þ3=8
11. V = 4Q=πd2s
12. Tt =L=V

where S is the slope of the energy grade line (EGL); Eu and Ed are the upstream
and downstream inlet elevations of a pipe; L is the length of the pipe; Ac is the
total area (ha) contributing to the outlet; j is the number of subareas draining
into a pipe; Acj is the area of the jth subarea; Tc1, Tc2, and Tc3 are the times of
concentrations of the three subareas (also known as inlet times); ttk is the travel
time through the kth pipe, where k is the number of pipes that water has to travel
from a subarea to reach the outlet; Tt1, Tt2, and Tt3 are the respective times it
takes from the hydraulically farthest points of Subareas 1, 2, and 3 to get to the
outlet; Tmax is the time it takes for water to travel from the farthest hydraulic
point to the outlet; D is the rainfall duration; i is the rainfall intensity; Q is the
peak flowrate at the outlet; d is the pipe diameter; ds is the selected pipe
diameter; and V is the flow velocity in the pipe. Once again, the outlet is defined
as the location where the peak flowrate is desired.

Solution Procedure

The solution is shown in Spreadsheet 4-13. Pipe AB is sized initially, and its
diameter is found to be 0.375 m. Because the pipes are available in increments of
0.2 m, the selected pipe size is 0.4 m. The travel time through Pipe AB, tt1, is
1.47 min. The travel times from the hydraulically farthest points of Subareas 1
and 2 to Point B were computed to be 5.47 and 5 min, respectively. The larger of
the two times was selected to determine the diameter for Pipe BC. The travel
time through Pipe BC was found to be 1.92 min. The entire process was repeated
for Pipe CD.
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Solution

The selected diameters for pipes AB, BC, and CD are 0.4, 0.6, and 0.8 m,
respectively.

What-If Analysis

Conduct a what-if analysis to determine the effect of L on Q by plotting a graph
of Q versus L. The range of L is from 30 m to 100 m.

Assigned Problem 4-13-1

Determine the size of pipe CD if the grassy area, Subarea 3, is developed into a
parking lot (C= 0.8) and its inlet time decreases to 5 min from 9 min.

Assigned Problem 4-13-2

Assume that instead of an open channel, there are two pipes, Pipes 1-2 and 2-3,
draining Subareas 1 and 2 of the watershed shown in Fig. 4-6. The inlet
elevations of Points 1, 2, and 3 are 10 m, 9.75 m, and 9.25 m, respectively.
Both pipes are 75 m long and Manning’s n of each pipe is 0.015. Determine the
pipe sizes by the rational method if pipe diameters are available in 0.2 m
increments.
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Problem 4-14: Estimation of TR-55 Storage
Volume Graphs Using Trendlines

Problem Statement

Using the qpre=qpost and Sd=Vr data for Type I/IA and Type II/III SCS rainfall
distributions given in Spreadsheet 4-14, determine third-order trendline equa-
tions by plotting the necessary graphs. Find the corresponding R2 values and
estimate the percentage errors as a result of using the trendline equations. The
data were obtained from SCS (1986).

Background

Retention–detention basins are designed to meet the requirement that the peak
flowrate after development (post-development flowrate) must not exceed the
flowrate that existed prior to development (predevelopment flowrate) under
design conditions. In other words, the post-development peak flowrate discharge
from the retention–detention basin must be attenuated to the predevelopment
peak flowrate during the design storm event. This requirement is sometimes
referred to as “pre versus post criteria.” In addition, the basins should be large
enough to store sufficient runoff to prevent flooding. The volume of a detention
pond storage, Vs, necessary to provide the desired attenuation and storage can be
determined by appropriate routing procedures. However, the NRCS (Fig. 6-1, SCS
1986) has provided a quick method for estimating the necessary volume of a
detention pond by developing two graphs that represent Type I and IA, and Type II
and Type III rainfall distributions respectively. As demonstrated in Problem 4-16, it
is convenient to use these graphs if an appropriate trendline equation is available.

Equations

1. ðSd=VrÞI;IA = − 0.7323ðQo=QiÞ3 + 1.9470ðQo=QiÞ2 − 1.7456ðQo=QiÞ+ 0.6564

2. ðEÞI;IA = ð100Þ½ðSd=VrÞI;IA − ðSd=VrÞtr �I;IA=ðSd=VrÞI;IA
3. ðSd=VrÞII;III = − 0.7197ðQo=QiÞ3 + 1.5103ðQo=QiÞ2 − 1.3692ðQo=QiÞ+ 0.6732

4. ðEÞII;III = ð100ÞfðSd=VrÞII;III − ½ðSd=VrÞtr�I;IAg=ðSd=VrÞII;III1

where Vr is the runoff volume after development, Qi and Qo are the respective
peak flowrates before and after development, ðSd=VrÞtr is the ratio predicted by
the trendline, and E is the percent error in the value estimated by the trendline.
Qi and Qo are also referred to the pre- and post-development peak flowrates.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-14. The data shown in the first
two columns of Spreadsheet 4-14 were obtained from SCS (1986).
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Solution

The trendline equations, obtained for rainfall distributions I/IA and II/III, are
shown as Eqs. 1 and 3. The trendline equations and the corresponding R2 values
are also shown in Charts 1 and 2 of Spreadsheet 4-14. The errors in using the
trendline equations are less than 2% for Type I and IA, and less than 1% for Type
II and III distributions.

Assigned Problem 4-14-1

Determine the trendline equations using first-, second-, fourth-, and fifth-order
polynomial equations and compare the errors obtained with the third-order
polynomial equation.
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Problem 4-15: Estimation of Trendline
Equations for Stage–Storage Data

Problem Statement

Using the stage–storage data given in Spreadsheet 4-15, determine the fourth-
order trendline equation by plotting the necessary graph. Find the corresponding
R2 values and estimate the percentage errors as a result of using the trendline
equation.

Background

Water levels in rivers, lakes, ponds, etc., are sometimes referred to as “stage.”
The term “storage” is used to define the volume of water in a water body such as
a lake, pond, or a river reach. Engineers either need to determine or measure the
relationship between storage and stage. Among other uses, the stage–storage
relationship is used to design retention–detention ponds. The relationship is also
used to estimate water elevation during routing. Although the stage–storage
relationship is usually depicted in the form of a table (e.g., Spreadsheet 4-15) or a
graph, it is convenient to convert the relationship to an equation using the
trendline feature of Excel. Trendline equations are much more convenient in
designing retention–detention ponds and to perform routing rather than reading
the values of a graph or by interpolating the tabular values.

Equations

1. E= 6.0761S4 − 10.0790S3 + 2.2372S2 + 3.7327S + 30.5

2. E= ðS −StrÞ=i× 100%

where E is the water level elevation or stage (m NGVD), Str is the storage (ha-m)
predicted by the trendline, and E is the percent error introduced by using the
trendline equation.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-15.

Solution

The fourth-order trendline equation, shown as Eq. 1, was obtained from Chart 1
of Spreadsheet 4-15. The trendline equation is very accurate, as the highest
percentage error computed in Spreadsheet 4-15 is less than 0.02%.

Assigned Problem 4-15-1

The retention–detention basin shown in Spreadsheet 4-15 was expanded to yield
the stage–storage data shown in Spreadsheet 4-15a. Determine a fourth-order
stage–storage trendline equation for the modified retention–detention basin, and
compute the associated errors.
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Problem 4-16: Design of a Single Stage
Retention–Detention Pond Using the

TR-55 Method

Problem Statement

Design a retention–detention pond with a rectangular weir for a 30 ha watershed
located in the NRCS Type II zone. The required retention depth, Rd, is 1 cm. The
retention–detention pond should be designed to retain the first centimeter of
precipitation and to provide sufficient attenuation to meet the “pre- versus post-
condition” during a 25-year, 24-h NRCS storm event with a precipitation depth
(P) of 20 cm. The 25-year pre- and post-development flows, qi and q0, are 5 and
10 m3=s respectively, and the post-development curve number, CN0, is 61. The
bottom of the pond is at 30.5 m NGVD. The trendline equation for the stage–
storage relationship for the pond is given by Eq. 1 of Problem 4-15. Assume that
the fraction initial abstraction, f, is 0.2 (Ia = 0.2S). The weir coefficient is 1.81.

Background

Retention–detention basins equipped with single-stage structures are designed to
attenuate the peak flowrate of a single storm event. The design of a retention–
detention basin with multiple-stage structures is discussed in Problem 4-17. The
specified retention depth is usually obtained from local stormwater management
codes related to retention–detentionponddesign.Usually thefirst fewcentimeters
of precipitation (the first “flush”) is highly contaminated, which is why the codes
usually specify the first 1 to 5 cm of precipitation to be retained. The pre- and post-
developmentflowrates couldbedeterminedbyanyof the threemethodsdescribed
in Problems 4-8 to 4-10. The flow over a rectangular weir is given by

Lw = q0=ðCH1.5
w Þ (4-8)

where Lw is the length of the weir in meters, Hw is the water level over the weir
crest during flood conditions, q is the flowrate over the weir in m3=s, and C is the
weir coefficient.

Equations

1. Sr =ARd=100

2. Ew = 6.0761S4
r − 10.0790S3

r + 2.2372S2
r + 3.7327Sr + 30.5

3. S = 2,540=CN− 25.4

4. Ia = 0.2S

5. Q= ðP − IaÞ2=ðP − Ia + SÞ for P ≥ Ia

6. Vr = ðQÞðRdÞ=100
7. Sd=Vr = −0.7197ðqo=qiÞ3 + 1.5103ðqo=qiÞ2 − 1.3692ðqo=qiÞ+ 0.6732

8. Sd = ðSd=VrÞðVrÞ
9. Srd = Sr + Sd

166 Water Engineering with the Spreadsheet

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



10. Em = 6.0761S4
rd − 10.0790S3

rd + 2.2372S2
rd + 3.7327Srd + 30.5

11. Hw =Em −Ew

12. Lw = q0=ðCH1.5
w Þ

where Sr , Sd, and Srd are the retention, detention, and retention–detention
storage provide in the pond; Vr is the runoff volume after development; qi and qo
are the peak flowrates before and after development; and Em and Ew are the
maximum stage and the weir stage.

Solution Procedure

The calculations are shown in Spreadsheet 4-16a, and the results are summa-
rized in Spreadsheet 4-16b.

Solution

A 3.3 m rectangular weir will be placed at an elevation of 31.6 m NGWD. Because
the pond bottom is at 30.5 m NGVD and the flood or peak stage is computed to be
32.5 m NGVD, there will be 2 m of water in the pond during the 25-year flood. The
retention–detention pond needs to be enlarged if the 2 m pond depth is
unacceptable. Enlargement of the pond will change the stage–storage relation-
ship, and new trendline equations will have to be determined to replace Eqs. 2
and 10, which will no longer be applicable.

What-If Analysis

Conduct a what-if analysis to determine the effect of the watershed area (A) on
the flood stage (Em) by plotting a graph of Em versus A. The range of A is from
10 ha to 30 ha.

Assigned Problem 4-16-1

Determine the detention volumes, peak elevation, weir elevation, and weir
length if no retention was required.

Assigned Problem 4-16-2

The engineer has decided to enlarge the retention–detention pond to provide
4 cm of retention depth (instead of 1 cm). The stage–storage data for the
expanded basin are shown in Spreadsheeet 4-15a. Determine the retention and
detention volumes, peak elevation, weir elevation, and weir length if the
expanded retention–detention pond is used instead of the one described in
Problem 4-16; all other parameters remain the same.

Hint

Use the trendline equation determined for Assigned Problem 4-15-1 instead of
Eqs. 2 and 10; the other equations will not change.
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Problem 4-17: Design of a Two-Stage Retention–
Detention Basin Using the TR-55 Method

Problem Statement

Design a two-stage retention–detention basin with a rectangular weir for a
30 ha watershed located in the NRCS Type II zone. The required retention depth,
Rd, is 1 cm. The retention–detention pond should be designed to provide sufficient
attenuation to meet the “pre- versus post-condition” during both 2-year and
25-year, 24-h NRCS storm events. The 2-year and 25-year precipitation depths
(P1 and P2) are 13.25 and 20 cm, whereas the pre- and post-development flows are
1.4 and 2.6 m3=s and 5 and 10m3=s, respectively. The post-development curve
number, CN0, is 61. The bottom of the pond is at 30.5 m NGVD. The trendline
equation for the stage–storage relationship for the pond is given by Eq. 1 of
Problem 4-15. Assume that the fraction initial abstraction, f , is 0.2 (Ia = 0.2S). The
weir coefficient is 1.81.

Background

Retention–detention basins, equipped with single-stage structures designed for
storm events with relatively large return periods, are unable to attenuate the
higher-frequency storm events, i.e., storm events with relatively smaller return
periods.

In other words, a weir designed to meet the pre- versus post-condition for a
25-year storm event will not be able to meet the pre- versus post-condition for a
2-year storm. The frequent passage of runoff due to a 2-year storm event, under
post-development conditions, can create erosion problems in downstream
channels. Therefore, some codes require retention–detention ponds to have
multistage structures to attenuate runoffs from both high- and low-frequency
events. In this problem, the discussion is confined to the design of two-stage
rectangular weirs. A typical two-stage structure consisting of rectangular weirs
is shown in Spreadsheet 4-17.

Equations

1. Sr =ARd=100

2. Ew1 = 6.0761S4
r − 10.0790S3

r + 2.2372S2
r + 3.7327Sr + 30.5

3. S = 2,540=CN− 25.4

4. Ia = 0.2S

5. Q1 = ðP1 − IaÞ2=ðP1 − Ia + SÞ for P1 ≥ Ia

6. Vr1 = ðQ1ÞðRdÞ=100
7. Sd1=Vr1 = − 0.7197ðqo1=qi1Þ3 + 1.5103ðqo1=qi1Þ2 − 1.3692ðqo1=qi1Þ+ 0.6732

8. Sd1 = ðSd1=Vr1ÞðVr1Þ
9. Srd1 =Sr +Sd1
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10. Em1 = 6.0761S4
rd1 − 10.0790S3

rd1 + 2.2372S2
rd1 + 3.7327Srd1 + 30.5

11. Ew2 =Em1

12. Hw1 =Em1 −Ew1

13. Lw1 = q01=ðCH1.5
w1Þ

14. Q2 = ðP2 − IaÞ2=ðP2 − Ia +SÞ for P2 ≥ Ia

15. Vr2 = ðQ2ÞðRdÞ=100
16. Sd2=Vr2 = − 0.7197ðqo2=qi2Þ3 + 1.5103ðqo2=qi2Þ2 − 1.3692ðqo2=qi2Þ+ 0.6732

17. Sd2 = ðSd2=Vr2ÞðVr2Þ
18. Srd2 = Sr +Sd2

19. Em2 = 6.0761S4
rd2 − 10.0790S3

rd2 + 2.2372S2
rd2 + 3.7327Srd2 + 30.5

20. H 0
w1 =Em2 −Ew1

21. Hw2 =Em2 −Ew2

22. q 0
o1 =CLw1H

1.5
w1

23. q 0
o2 = qo2− q

0
o1

24. Lw2 = q 0
02=ðCH 01.5

w2 Þ

where Sr is the retention volume, Sd1 and Sd2 are the detention storages, Srd1 and
Srd2 are the retention–detention storages, Em1 and Em2 are the maximum stages,
Ew1 and Ew2 are the weir stages, and Vr1 and Vr2 are the runoff volumes after
development at stages 1 and 2, respectively. Also, qi1 and qo1 are the peak pre-
and post-development flowrates for the stage 1 flood, whereas qi2 and qo2 are the
peak pre- and post-development flowrates for the stage 2 flood. Hw1 is the head
above the stage 1 weir crest during the stage 1 flood, Hw2 is the head above the
stage 2 weir crest during the stage 2 flood,H 0

w1 is the head above the stage 1 weir
crest during the stage 2 flood, and Lw1 and Lw2 are the weir lengths of the stage 1
and stage 2 weirs, respectively. Also, q 0

01 and q 0
02 are the flowrates over stage 1

and stage 2 weirs during the stage 2 flood, and Q1 and Q2 are the runoff depths
during stage 1 and stage 2 floods, respectively.

Solution Procedure

The calculations for stage 1 and 2 designs are respectively shown in Spreadsheet
4-17a and b, and the results are summarized in Spreadsheet 4-17c. The key to the
solution procedure is to first size the stage 1 weir before designing the stage 2
weir, as one needs to calculate the flow that goes over the stage 1 weir (q 0

01)
when designing the stage 2 weir. The flowrate going over the stage 2 weir is the
difference between peak flowrate during the stage 2 flood and q 0

01 as shown in
Eq. 23.

Solution

The peak stage is 32.48 m NGVD, and the weir lengths for stages 1 and 2 are
1.86 m and 6.95 m.
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Assigned Problem 4-17-1

Determine the peak elevation if no retention was required. All other parameters
are the same as in Problem 4-17.

Assigned Problem 4-17-2

Design a three-stage retention–detention basin, with a rectangular weir, for a
30 ha watershed located in the NRCS Type II zone. The required retention depth,
Rd, is 1 cm. The retention–detention pond should be designed to provide
sufficient attenuation to meet the “pre- versus post-condition” during 2-year,
10-year, and 25-year, 24-h NRCS storm events. The 2-year, 10-year, and 25-year
precipitation depths (P1, P2, and P2) are 13.25 cm, 17 cm, and 20 cm, whereas the
pre- and post-development flows are 1.4, 2.3, and 2.6 m3=s, and 5, 8, and 10m3=s,
respectively. The post-development curve number, CN0, is 60. The bottom of the
pond is at 30.5 m NGVD. The trendline equation for the stage–storage relation-
ship for the pond is given by Eq. 1 of Problem 4-15. Assume that the fraction
initial abstraction, f , is 0.2 (Ia = 0.2S). The weir coefficient is 1.81.
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Problem 4-18: Estimation of Minimum Required
Treatment Volume for a Wet Detention Basin

Problem Statement

The treated water from a wet basin is to be discharged into Class III waters. The
minimum required treatment volume needed for water to be discharged into
Class III waters should be calculated using the following codes: hold the greater
of (a) 2.54 cm of rainfall on the entire site that does not provide treatment or
(b) 6.35 cm of the rainfall that falls on the impervious area. The site, located in
Melbourne, Florida, has an area (A) equal to 8 ha, and the site area is divided into
the following land uses: area of parking and internal roads (asphalt) Apr = 50%,
building area Ab = 12%, area of lawns in good condition Al = 8%, wooded area
Aw = 15%, area of wetlands Awl = 5%, and area of the wet-detention pond
Ap = 10%. Determine the required treatment volume.

Background

The Clean Water Act is the primary federal law in the United States governing
water pollution. Passed in 1972, the objective of the Federal Water Pollution
Control Act, commonly referred to as the Clean Water Act, is to restore and
maintain the chemical, physical, and biological integrity of the nation’s waters by
preventing point and nonpoint pollution sources, providing assistance to pub-
licly owned treatment works for the improvement of wastewater treatment, and
maintaining the integrity of wetlands. The state of Florida in the United States
has classified all state waters into six classes (www.dep.state.fl.us/water/wqssp/
classes.htm) based on the designated uses of the waters. The lowest water
classes require the most protection. Thus, Class 1 waters require more protec-
tion than Class 2 waters, and so on. Class 2 waters are defined as waters that are
generally coastal waters where shellfish harvesting occurs. Class 3 waters are
utilized for fish consumption, recreation, propagation, and maintenance of a
healthy, well-balanced population of fish and wildlife.

The codes for estimating the required treatment volume for a wet detention pond
are based on the realization that the first few centimeters of runoff will be “dirty”
and once the dirty water, often referred to as the “first flush” carries all the
accumulated pollutants from the site (parking lot, etc.), the remaining water
discharged into the wet basin will be relatively “clean.” The codes, therefore,
specify that the runoff owing to the first few centimeters of rainfall be “held”
within a wet detention pond, treated, and then slowly discharged into the
receiving water body. Sites with large impervious areas are expected to provide
more and dirtier runoff than relatively impervious sites; therefore, the codes
usually require engineers to compute the treatment volume by two methods, as
specified in the Problem Statement, and to choose the larger of the two
treatment volumes. In general, precipitation falling on the wetlands and the
pond itself need not be treated, as these land uses provide intrinsic treatment.
Therefore, the combined wetland and wet pond area is removed when comput-
ing the site area.
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Equations

1. Ac = ðAwl +ApÞðAÞ=100
2. Ad =A−Ac

3. AI = ðApr +AbÞðAÞ=100
4. TV1 = ðAdÞðd1Þ=100
5. TV2 = ðAIÞðd2Þ=100

where Ac is the combined wetland and pond area and runoff from this area does
not need to be treated, Ad is the area that provides no treatment and runoff from
this area needs to be treated, and TV1 and TV2 are the treatment volumes that
need to be treated based on the two criteria stated in the Problem Statement.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-18.

Solution

The treatment volumes calculated based on the two requirements are 0.17 ha
and 0.31 ha. The desired treatment volume is 0.31 ha, which is the greater of the
two numbers. This site had a high percentage of impervious area, which is why
the treatment volume calculated based on the impervious area was greater.

What-If Analysis

Conduct a what-if analysis to determine the effect of the wetlands and parking/
internal road areas on the required treatment volume by plotting a graph of
required treatment volume versus wetland area. The range of wetland area
should be from 0% to 20%. Adjust the parking and internal road area according to
the selected wetland area such that the sum of the two areas is always 55%. All
other parameters are the same as in Problem 4-18.

Assigned Problem 4-18-1

The treated water from a wet basin is to be discharged into Class 2 waters. The
minimum required treatment volume needed for water to be discharged into
Class 2 waters is 50% more than required for discharging into Class 2 waters.
The codes for estimating the Class 3 treatment are the same as stated in
Problem 4-18. The site, located in Melbourne, Florida, has an area (A) equal
to 15 ha, and the site area is divided into the following land uses: area of parking
and internal roads (asphalt) Apr = 35%, building area Ab = 35%, area of lawns in
good condition Al = 5%, wooded area Aw = 2%, area of wetlands Awl = 2%, and
the area of the wet-detention pond Ap = 21%. Determine the required treatment
volume.
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Problem 4-19: Estimation of Minimum Required
Permanent Volume for a Wet Detention Basin

Problem Statement

Determine the minimum required permanent pool volume (PPV) for an 8 ha site
located in Melbourne, Florida, if the residence time (Tr) is 21 days and the
average daily precipitation depth (Pw) during the wet period is 0.5 cm. The site
area is divided into the following land uses: area of parking and internal roads
(asphalt) Apr = 50%, building area Ab = 12%, area of lawns in good condition
Al = 8%, wooded area Aw = 15%, area of wetlands Awl = 5%, and the area of the
wet-detention pond Ap = 10%.

Background

The storage capacity of the permanent pool volume (PPV)must be large enough to
detain untreated runoff long enough so that the treatment processes
described in Problem 4-18 can take place. Uptake by algae is probably the most
important process for nutrient removal from the wet-detention pond; therefore,
the average residence time of the water in the pondmust be long enough to ensure
algal growth. A residence time of three weeks is considered to be the minimum
duration that ensures adequate opportunity for algal growth, although a longer
residence time is preferred for better treatment. A three-week residence time
implies that the PPV should be large enough to hold the runoff generated from
three weeks of precipitation. Ideally, the PPV should be large enough to hold the
runoff generated from three weeks of the most intense precipitation period. It
should be noted that wetlands should not discharge into the wet basin.

The average wet-season rainfall may be available from local sources; otherwise,
it will have to be calculated based on locally available precipitation climatologi-
cal data. The required residence time can be smaller than three weeks if the
runoff is pretreated prior to being discharged into the wet pond or if there is a
littoral zone. The required residence time also should depend on the quality of
the water of the downstreamwater body where the runoff from the pond is being
discharged. The engineer may decide to increase residence time to provide
improved treatment, as one should avoid discharging polluted water into a clean
environment. For example, in Florida, the required minimum residence time for
Class 3 waters is 21 days, whereas for Class 2 waters it is 31.5 days.

Equations

1. Af = 1−Pw=100

2. Cw = ðPPiCiÞ=100
3. Pr = ðPwÞðTrÞ
4. Rr = ðPrÞðCwÞ
5. Vr = ðRrÞðAf Þ
6. PPV=Vr
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where Af is the percentage of area discharging into the set basin, Cw is the
weighted rational method runoff coefficient, C is the rational method coefficient
for any land use, Pr is the total precipitation depth during the required residence
time, and Rr and Vr are the respective runoff depth and runoff volume that are
generated during the required residence time.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-19.

Solution

The desired treatment volume is 0.55 ha-m.

What-If Analyses

Conduct a what-if analysis to determine the effect of the wetlands and parking/
internal road areas on the required permanent pool volume by plotting a graph of
required permanent pool volume versus wetland area. The range of wetland area
should be from 0% to 20%. Adjust the parking and internal road area according to
the selected wetland area such that the sum of the two areas is always 55%. All
other parameters are the same as in Problem 4-19.

Assigned Problem 4-19-1

Determine the minimum required permanent pool volume (PPV) for an 8 ha site
located in Melbourne, Florida, if the residence time (Tr) is 31.5 days and the
average daily precipitation depth (Pw) during the wet period is 0.5 cm. The site
has an area (A) equal to 15 ha, and the site area is divided into the following land
uses: area of parking and internal roads (asphalt) Apr = 35%, building area
Ab = 35%, area of lawns in good condition Al = 5%, wooded area Aw = 2%, area
of wetlands Awl = 2%, and the area of the wet-detention pond Ap = 21%.
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Problem 4-20: Sizing of a Rectangular Wet
Detention Basin

Problem Statement

Determine the dimensions of a rectangular wet-detention basin from the basin
bottom to an elevation of 20.55 m at increments (Δz) of 0.15 m. The pond bottom
(PB) elevation should be at 18 m NGVD. The wet basin should provide a
minimum treatment volume (TV) of 0.31 ha-m, and a minimum permanent pool
volume (PPV) of 0.55 ha-m. The season high water table (SHWT) elevation is
19.5 m above NGVD. The minimum pond length to pond width ratio at the
control elevation must be two to one. The pond must have a littoral zone from
the overflow elevation (OE) to a depth of 0.75 m below the CE. The minimum
pond slope (m2) should be 6∶1 from the bottom of the littoral zone to the
overflow elevation, 4∶1 (m3) above the overflow elevation, and 3∶1 (m1) below
the littoral zone (all ratios are horizontal to vertical). The OE must be no more
than 0.5 m above the CE. The maximum allowable pond depth is 3.75 m, and the
mean depth should be between 0.6 m and 2.4 m. All parameters are described in
Fig. 4-4.

Background

As stated in the background section of Chapter 4, a littoral zone helps in
removing nutrients from the wet basin through plant uptake. The slope m2
shown in Fig. 4-4 must be within an assigned range based on the applicable code.
A gentle slope is required at the littoral zone to allow plants to establish roots,
and in this problemm2 = 6. Similarly, the values ofm1 andm3 (Fig. 4-4) are equal
to 3 and 4, respectively. A minimum slope of 3∶1 is usually required below the
littoral zone based on soil stability considerations, whereas a gentler slope of 4∶1
(or higher) is usually required above the overflow elevation for safety con-
siderations. The difference between the OE and CE cannot be too large if a basin
is designed with a littoral zone, because the plants in the littoral zone may get
completely submerged with water and decay. In this problem, the difference
between the OE and CE cannot be more than 0.5 m. The depth of the wet basin,
below the CE, is also critical in providing proper treatment. A shallow basin can
cause excessive algal bloom, whereas anaerobic conditions can develop in a
very deep basin. Excessive algal blooms are not aesthetically pleasing, and
anaerobic conditions can cause nutrients and metals to seep into the basin from
bottom sediments. Therefore, the basin depth below the CE should not be
greater than 4 m, and a mean depth (pond volume divided by the pond area at the
CE) between 0.4 m and 2.4 m is also recommended (St. Johns River Water
Management District, 1991). Some regulatory agencies may require a minimum
length to width ratio of 2∶1 at the CE to avoid “short circuiting,” which is the
term used when runoff enters the pond close to the outlet structure and does not
stay in the basin long enough to be treated.
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Equations

1. bz− 1 = bz −mz− 1ðΔzÞ for z<CE

2. bz+ 1 = bz +mz+ 1ðΔzÞ for z>CE

3. lz− 1 = lz −mz− 1ðΔzÞ for z>CE

4. lz+ 1 = lz +mz+ 1ðΔzÞ for z>CE

5. Az = ðbzÞðlzÞ
6. ðVcÞz = ðVcÞz− 1 + ½ðAz− 1 +AzÞ=2�ðΔzÞ
7. Es =E−ECE

8. Vcs = ðVcÞz − ðVcÞCE
9. PPV= ðVcÞCE

10. TV= ðVcÞOE − ðVcÞCE
11. dm = ðVcÞCE=ðAÞCE
12. d= ðEÞCE − ðEÞPB

where l and b are the length and width of the basin, Δz is elevation increment,
m is the slope (horizontal to vertical), A is the pond area, ðAÞCE is the pond area
at the CE, E is the water level in the pond, ECE is the control elevation, EPB is the
elevation of the pond bottom, Es is the water level in the pond above the CE, Vc

is the cumulative storage, ðVcÞCE is the cumulative storage at the CE, Vcs is the
cumulative storage above the CE, ðVcÞOE is the cumulative storage above the
overflow elevation, dm is the mean depth, and d is the pond depth below the CE.
The subscript z is used to signify a given elevation, whereas the subscripts z+ 1
and z− 1 signify an elevation Δz above and below elevation z. All elevations are
in NGVD.

Solution Procedure

One possible solution is shown in Spreadsheet 4-20. The CE was set at the SHWT
elevation, and the OE of the pond was set at 19.95 mNGVD. The OE could be set at
a different elevation as long as the difference in elevation between the OE and CE
did not exceed 0.5 m. The littoral zone is between 18.75 m and 19.50 m. The length
and width of the wet basin were obtained by trial and error by assuming a basin
width at the CE. A basin width of 65 m at the CE satisfied all required criteria,
although other basin widths that satisfy all required criteria are also possible.

Solution

The designed wet-detention basin is 130 m by 65m at the CE and provides PPV of
1.05 ha-m and a TV of 0.40 ha-m. The wet-detention basin meets all the slope
considerations. The basin depth of 1.50 m and the mean depth of 1.24 mmeet the
depth criteria. The provided PPV and CE are both higher than the required PPV
and CE, and it may be possible to design a smaller basin. Sometimes engineers
will design a larger pond than necessary, because the soil removed by digging
the pond can be used as fill at the site.
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Assigned Problem 4-20-1

Design a wet-detention basin with the exact same requirements as the basin in
Problem 4-20 with the exception that the length to width ratio at the CE should
be 3∶1 (instead of 2∶1).

Assigned Problem 4-20-2

Plot a stage–storage graph between Zs and Vcs calculated in Problem 4-20 and
determine an appropriate trendline equation, along with an R2 value for the
graph.

Assigned Problem 4-20-3

Design a wet-detention basin with the exact same requirements as the basin in
Problem 4-20 with the exception that the pond bottom is at 18.15 m NGVD
(instead of 18.00 m NGVD).

Assigned Problem 4-20-4

Determine the PPV and TV provided by the wet-detention pond if the length and
width at the CE are 120 m and 60 m, respectively. Do these values exceed the
required PPV and TV?

Assigned Problem 4-20-5

Design a wet-detention basin with the exact same requirements as the basin in
Problem 4-20 with the exception that the OE is at 19.8 m NGVD instead of
19.95 m NGVD.

Stormwater Management 177

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
a 

T
ro

be
 U

ni
ve

rs
ity

 o
n 

02
/1

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Problem 4-21: Sizing a Circular Orifice for a Wet
Detention Pond

Problem Statement

Determine the diameter of a circular orifice required to discharge no more than
half the treatment volume over a 48-h period (td) for the pond designed in
Problem 4-20. The TV provided for the wet-detention pond is 0.40 ha-m. Use the
stage–storage graph determined for Assigned Problem 4-20-2. The centerline of
the orifice will be placed at the CE, which is 19.5 m NGVD. The minimum orifice
diameter will be 5 cm.

Background

The requirement to discharge no more than half the TV over a 48-h period is
provided so that the TV is discharged slowly and stays in the wet detention pond
for a sufficient time so that it can be treated. This type of requirement can be
found from the local codes. Because the orifices are small, they are liable to
become plugged by floating debris; therefore, a minimum orifice diameter is
usually specified by codes. The orifice coefficient, C0 = 0.6. The respective
control elevation (CE) and the overflow elevation (OE) are at 19.5 m and
19.95 m above NGVD.

Assumption

The initial water level is at the overflow elevation.

Equations

1. Q0 = ð1002ÞðTV=2Þ=ðtdÞð3,600Þ
2. h1 =OE−CE

3. h2 = −ð0.1105ÞðTV=2Þ2 + 1.1515ðTV=2Þ+ 0.0017

4. h= ðh1 +h2Þ=2
5. A0 =Q0=½ðC0Þð2ghÞ0.5�
6. d0 = ½ð4A0Þ=ðπÞ�0.5ð100Þ

where Q0 is the average allowable flowrate through the orifice, h1 is the initial
water elevation above the CE prior to discharge, h2 is the water level above the
CE when half the treatment volume has been discharged, h is the average water
elevation above the CE during the 48-h period when the TV is being discharged,
A0 is the area of the orifice, and do is the orifice diameter. The orifice coefficient
used in Eq. 4 accounts for frictional losses that would occur as water passes
through a relatively small orifice.
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Solution Procedure

The solution procedure is shown in Spreadsheet 4-21. Eq. 3 is a trendline
equation that was obtained as a solution to Assigned Problem 4-20-2. Eq. 5 is
a standard equation used to calculate flowrates through circular openings.
The orifice coefficient used in Eq. 5 accounts for frictional losses that would
occur as water passes through a relatively small orifice.

Solution

The orifice diameter was found to be 9.76 cm, so the selected orifice diameter
will be 10 cm.

Assigned Problem 4-21-1

Determine the orifice diameter if half the TV can be discharged over 24 h instead
of 48 h. All other parameters are the same as in Problem 4-21.
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Problem 4-22: Sizing a Rectangular Weir for a
Wet Detention Pond

Problem Statement

Determine the length of a rectangular weir that will be needed for the pond
designed in Problem 4-20 with an overflow elevation (OE) at 19.95 m NGVD.
Assume that the maximum stage during flood conditions is 20.55 m NGVD. The
predevelopment flowrate, q0, is 0.8 m3=s. The weir coefficient, Cw = 1.81.

Background

The rectangular weir is placed at the overflow elevation (OE), and its main
purpose is to control flooding in the pond by allowing water to discharge at a rate
not higher than the predevelopment flowrate. The weir length is designed by
making an assumption about the maximum stage that would occur during flood
conditions. The validity of this assumption is checked via routing, and the weir
length is adjusted if needed.

Equations

1. Ew =OE

2. Hw =Emax −OE

3. Lw = q0=ðCH1.5
w Þ

where Ew is the elevation at which the weir is placed, Hw is the water elevation
above the weir crest in m, Emax is the maximum stage desired under flood
conditions, Lw is the weir length. In Eq. 3, Lw and Hw must be in m, and q0 must
be in m3=s.

Solution Procedure

The solution procedure is shown in Spreadsheet 4-22.

Solution

The length of the rectangular weir was found to be 0.95 m.
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Problem 4-23: Development of Storage–Outflow
Relationship for a Wet Detention Basin

Problem Statement

Determine the Q versus 2S=Δt+Q data for the wet detention pond designed in
Problem 4-20. Plot these data and determine a trendline equation for the graph
and the corresponding R2 value. The stage–storage data are identical to that
found in Spreadsheet 4-20. The control elevation (CE) and the overflow eleva-
tion (OE) are at 0.00 m and 0.45 m, respectively. The circular orifice diameter
(d0) and the rectangular weir length (Lw) are 0.10 m and 0.95 m, respectively.
The routing period, Δt= 0.25 h, and the orifice coefficient and the weir coeffi-
cients are 0.6 and 1.81, respectively.

Background

The purpose of finding a trendline equation between Q versus 2S=Δt+Q was
described in Problem 3-7. Routing is the final step in designing a stormwater
management system. The purpose of routing is to (a) determine the outflow
hydrograph, (b) determine the water levels in the basin under flood conditions,
(c) determine the peak water level under flood conditions, (d) ensure that the
peak water level under flood conditions is less than the assumed peak water
level when designing the weir, and (e) ensure that the post-development flowrate
discharged through the control structure does not exceed the predevelopment
flowrate. Developing the trendline equation requires knowledge of stage–storage
and stage–outflow relationships. The stage–storage data are obtained when the
engineer sizes the wet basin as described in Problem 4-20. The stage–outflow
relationships can be obtained after the weir and the orifice have been designed
as demonstrated in this problem.

If, after routing, the actual maximum water level is found to be less than the
assumed maximum stage of 1.05 m, then no changes may be required. However,
if the actual maximum water level is above the assumed stage, the engineer may
(a) consider redesigning the pond and making it larger, (b) consider increasing
the weir size but still keeping the discharge over the weir less than the
predevelopment flowrate, or (c) raise the ground elevation near the pond
although this may require raising the elevation of the entire site.

Equations

1. Q0 = ðC0ÞðΠd20=4Þ½2gðZ −CEÞ�0.5
2. Qw =CwLwðZ −OEÞ1.5
3. Q=Q0 +Qw

4. f ðS,QÞ= 2S=Δt+Q

in whichQ0 is the flowrate through the orifice,Qw is the flowrate over the weir,Q
is the total flowrate being discharged from the outlet structure, Z is stage,
f ðS,QÞ is defined in Eq. 4, and S is the storage in the basin.
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Solution Procedure

The data between Q versus 2S=Δt+Q are shown in Spreadsheet 4-23. The graph
between Q and 2S=Δt+Q is shown in Spreadsheet 4-23.

Solution

A sixth-order trendline equation best fit the graph (Chart 1 of Spreadsheet 4-23);
the equation is Q= ð1.1092Þð10− 7Þ½f ðS,QÞ�6 − ð7.7206Þð10− 6Þ½f ðS,QÞ�5 + ð1.9364Þ
ð10− 4Þ½f ðS,QÞ�4 − ð2.0119Þð10− 3Þ½f ðS,QÞ�3 + ð8.5088Þð10− 3Þ½f ðS,QÞ�2 − ð9.2856Þ
ð10− 3Þ½f ðS,QÞ�+ ð6.0346Þð10− 5Þ. The corresponding R2 = 0.9999. The order of
the trendline equation and the number of decimal places in a trendline equation
can affect the answer significantly, especially if higher-order trendline equations
are used. Hence, the desired trendline equation is provided up to four decimal
places. The number of decimal points should be increased based on the required
accuracy.

Assigned Problem 4-23-1

Solve Problem 4-23, assuming that the weir length is 0.75 m instead of 0.95 m.
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Problem 4-24: Estimation of Discharge from the
Control Structure and Stage in the Wet Pond

during Flood Conditions

Problem Statement

Determine the discharge from the control structure and the water level eleva-
tions in the wet detention pond during flood conditions via routing for the pond
designed in Problem 4-20. The inflow hydrograph (post-development flow)
during flood conditions entering the wet-pond is shown in Spreadsheet 4-24.
Use the Q versus 2S=Δt+Q trendline equations for Problem 4-23 and the
Z versus S (Vs) trendline equation found in Assigned Problem 4-20-2. The
initial water level is at the control elevation (CE). The routing period,
Δt= 0.25 h.

Background

This is simply a routing problem discussed in Problem 3-7. The main
difference is that whereas empirical equations were given in Problem 3-7,
the empirical equations used in this example were developed by the design
engineer.

Equations

1. Is = It + It−Δt

2. f 2ðS,QÞt = Is + f 1ðS,QÞt−Δt

3. Q= ð1.1092Þð10− 7Þ½f ðS,QÞ�6 − ð7.7206Þð10− 6Þ½f ðS,QÞ�5 + ð1.9364Þð10− 4Þ
½f ðS,QÞ�4 − ð2.0119Þð10− 3Þ½f ðS,QÞ�3 + ð8.5088Þð10− 3Þ½f ðS,QÞ�2 − ð9.2856Þ
ð10− 3Þ½f ðS,QÞ�+ ð6.0346Þð10− 5Þ

4. Q 0 =Q (if Q is positive)

Q 0 = 0 (if Q is negative)

5. f 1ðS,QÞt = f 2ðS,QÞt−Δt − 2Q

6. St = ½f 2ðS,QÞt −Q�ð3,600ΔtÞ=2
7. ðVcsÞt =St=10,000

8. Zs = − 0.1105S 02
t + 1.1515S 0

t + 0.0017

in which subscripts t and t–Δt respectively denote the values at the end and the
beginning of the routing period, Q is the flowrate calculated by the trendline
equation (Eq. 3), Q 0 is the adjusted flowrate, f 1ðS,QÞ= 2S=Δt−Q, f 2ðS,QÞ=
2S=Δt+Q, S is the storage in the basin in m3, S 0 is the storage in the basin in
ha-m, and Zs is the water level.
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Solution Procedure

The solution procedure is identical to the one described for Problem 3-7. It is
important to note that the equations for row 1 are different from those used in
row 2 and subsequent rows. For row 1, the starting elevation is given as the
control elevation. Knowing this, one can obtain from Spreadsheet 4-21 that the
stage, Zs, and the cumulative storage, S 0, are also zero. Furthermore, one
determines that the initial Q is also zero from Spreadsheet 4-21. For row 1,
the functions f 1ðS,QÞ and f 2ðS,QÞ are determined by the following equations:

1. f 1ðS,QÞt= 0 = 2½ðSÞt= 0Þ�=Δt− ðQ 0Þt= 0

2. f 2ðS,QÞt= 0 = 2½ðSÞt= 0�=Δt− ðQ 0Þt= 0

The trendline equation, Eq. 3, sometimes computes negative values ofQ (whenQ

is small) if the curve fitting using the trendline equation is not completely
accurate. In these cases, it becomes necessary to use Eq. 4 and adjust the
negative value of Q to zero, as negative values are not possible.

Solution

The maximum flowrate from the wet pond is 0.045 m3=s and occurs after 3.75 h.
The peak elevation in the pond is 0.56 m above the CE.
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Aerodynamic method, 103, 110–111
Algae, 131, 173, 175
Alternate depth, 88
Alternating block method, 132, 140–141
Attenuation, 106, 107f, 118, 120

Baseflow separation, 104, 105
Basins. See also Wet detention basins
dry detention, 129, 130f, 131
retention, 129, 130f
retention–detention,129, 130–131, 130f,
133, 163, 165–170

Best management practices (BMPs), 129
Bleed down devices, 131–132
Body force, 3
Bureau of Reclamation, U.S., 61–62, 96, 98

CE (control elevation), 131, 175, 178
Center of pressure (CP), 4, 12
Channel bed elevation, 77–81, 77f, 80f,

84–85
Channel bed slope, 86–87
Channel flows. See Open channel flows
Channel reach, 105, 106–107f, 108, 121
Channel routing, 105, 107, 119–120
Choke condition, 80–82, 84
Circular orifices, 178–179
Circular pipes, 69–70, 69f
Circulation cell method, 39
Clean Water Act of 1972, 171
CN (curve number) method, 142
Colebrook-White equation, 25, 26,

28–29
Combination method, 103
Composite cross sections

critical depth of, 75–76
flowrate in, 63–64
normal depth in, 63–64, 63f, 67–68

Concentration, time of, 133, 144–147
Conjugate (sequent) depth, 89–91, 90f
Constriction, of open channel flows,

82–85, 82f
Contact (surface) force, 3, 3–4f, 4
Continuity equations, 8, 19, 107–109, 121,

123
Control elevation (CE), 131, 175, 178
Conveyance systems, 133
Convolution equation, 105, 112–115, 133
Cost of electricity, 36–37, 36f
CP (center of pressure), 4, 12
Critical depth, 59, 59f, 60, 73–76, 82
Critical flow, 59
Critical slope, 86–87
Curve number (CN) method, 142

Dalton’s equation, 103
Darcy-Weisbach equation, 7–8, 25, 28–31,

34–45, 49, 52
Deconvolution, 105
Density, trendline equations for

estimating, 9–10
Depth
alternate, 88
critical, 59, 59f, 60, 73–76, 82
of direct runoff hydrographs, 112
hydraulic, 60
normal, 58, 65–70, 69f, 77–81, 77f, 80f
in open channel flows, 58
runoff, 133, 142–143
sequent (conjugate), 89–91, 90f
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subcritical, 59, 78, 80, 81
supercritical, 59

Design
of open channel flows, 61–62, 92–99, 95f
of stormwater management systems,
132–133

Detention basins. See Dry detention
basins; Wet detention basins

Direct runoff (DRO), 104, 115
Direct runoff hydrographs (DRHs),

103–105, 104f, 112–118, 117f, 133
Direct runoff volume, 112
Dispersion, 106, 107f, 118, 120
Distributed force, 4, 4f
Downstream hydrographs, 105–106,

119–120, 123–125
Drag coefficients, 5, 5f
Drag force equation, 5–6, 23
DRHs (direct runoff hydrographs),

103–105, 104f, 112–118, 117f, 133
DRO (direct runoff), 104, 115
Dry detention basins, 129, 130f, 131
Dry retention basins, 129, 130f
Dry retention–detention basins, 129,

130–131, 130f, 133, 163, 165–170
Dynamic viscosity, trendline equations for

estimating, 9–10

EGL (energy grade line), 6f, 7, 29, 58
Electricity, cost of, 36–37, 36f
Elevation, of channel beds, 77–81, 77f, 80f,

84–85
Empirical equation, 107, 109, 123
Energy
loss across hydraulic jumps, 89–91, 90f
mechanical, 6–7, 6f, 59
specific, 59–60

Energy budget method, 103
Energy grade line (EGL), 6f, 7, 29, 58
Entrance losses, 8, 34, 41
Environmental Protection Agency, U.S.,

129
Equations
area of watersheds, 112
Colebrook-White, 25, 26, 28–29
continuity, 8, 19, 107–109, 121, 123
convolution, 105, 112–115, 133
Dalton’s, 103
Darcy-Weisbach, 7–8, 25, 28–31, 34–45,
49, 52

direct runoff volume, 112
drag force, 5–6, 23
empirical, 107, 109, 123
friction factor, 8, 25–27

Haaland, 25, 26
Hazen-Williams, 7, 8, 32–33
hydraulic head, 7
hydrostatic force, 11–12, 14–15
Manning’s n, 58, 63, 65, 69–70
mechanical energy, 6, 7
minor losses, 8, 34
momentum, 5, 16–22, 89, 91, 107
Muskingum, 107–108
open channel flows, 57, 58
power, 36–37
Prandtl, 26
rational method, 133, 155–162, 155f, 160f
specific energy, 59–60
Swamee and Jain, 25, 26, 30–31, 34–44
Thornthwaite and Holzman, 103
trendline, 9–10, 134–135, 163–165
triangular hyetograph, 132, 136–137

Erodible (unlined) channels, 61
Evaporation rates, 103, 110–111
Excess precipitation, 142
Excess rainfall. See Net rainfall
Exit losses, 8, 34, 41
External flow, 4f, 5, 23–24
External force, 5–6, 23–24, 23f

FBDs (free body diagrams), 17, 18f, 21,
21f, 90f

FB (freeboard), 96, 98
Federal Water Pollution Control Act of

1972, 171
FE (fundamentals of engineering) exam,

12
Fire hydrants, 7
First flush, 131, 171
Flow. See also Open channel flows;

Pressure pipes
critical, 59
direction of, 46
external, 4f, 5, 23–24
fully rough, 7, 25, 26, 28–29, 32
gradually varying, 57f, 58–61, 59f
groundwater, 104, 104f
interflow, 103, 104, 104f
internal, 3f, 4, 16–22
laminar, 7, 25
nonuniform, 57–58, 57f
overland, 103–104, 104f
rapidly varying, 57f, 58–61, 59f
shallow concentrated, 144, 145, 153
sheet, 144–146, 153
subcritical, 59, 59f, 73, 77, 86
supercritical, 59, 59f, 73, 77, 86
transitional, 7, 25–27
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turbulent, 7, 25, 28–29, 32
uniform, 57, 57f, 58

Flowrate. See also Peak flowrate
in composite cross sections, 63–64
pumped, 49–53, 49f
between reservoirs, 28–35, 28f, 43–48,
43f, 45f

Force calculations, 9–24
body, 3
distributed, 4, 4f
external, 5–6, 23–24, 23f
gravitational, 3
hydrostatic, 4, 11–15, 11f, 13–14f
internal, 4–5, 16–22, 16f, 18–21f
magnetic, 3
resultant (point), 4, 4f, 12
surface (contact), 3, 3–4f, 4
trendline equations for, 9–10

Freeboard (FB), 96, 98
Free body diagrams (FBDs), 17, 18f, 21,

21f, 90f
Friction factor, 8, 25–27, 51
Froude number, 60, 73
Fully rough flow, 7, 25, 26, 28–29, 32
Fundamentals of engineering (FE) exam,

12

Geological Survey, U.S., 144
Goal Seek, 31, 42, 50, 91, 92, 95
Gradually varying flow, 57f, 58–61, 59f
Gravitational force, 3
Green-Ampt method, 133
Groundwater flow, 104, 104f

Haaland equation, 25, 26
Hazen-Williams equation, 7, 8, 32–33
HGL (hydraulic grade line), 6f, 7
Homogeneous watersheds, 148, 153–157,

155f
Horizontal plane, internal force

calculations in, 16–19, 16f, 18–19f
Humidity, relative, 110
Hydraulic depth, 60
Hydraulic grade line (HGL), 6f, 7
Hydraulic head, 6f, 7
Hydraulic jumps, 57f, 58, 61, 89–91, 90f
Hydraulic routing methods, 107
Hydrographs
direct runoff, 103–105, 104f, 112–118,
117f, 133

downstream, 105–106, 119–120, 123–125
estimation of, 150–154, 150f
inflow, 105, 107f, 119–120

Hydrologic routing methods, 107

Hydrostatic force, 4, 11–15, 11f, 13–14f
Hyetographs, 132–133, 136–141

Inflow hydrographs, 105, 107f, 119–120
Intensity-duration-frequency (IDF)

graphs, 134–135
Interflow, 103, 104, 104f
Internal flow, 3f, 4, 16–22
Internal force, 4–5, 16–22, 16f, 18–21f
Interpolation, 9

Kinematic wave method, 133, 144, 146–147

Lagging method, 105, 115–116
Lake evaporation, 103, 110–111
Laminar flow, 7, 25
Level pool routing, 107–109, 123–125
Linear interpolation, 9
Lined (nonerodible) channels, 61–62,

92–99, 95f
Littoral zone, 132, 173, 175

Magnetic force, 3
Major head losses, 7–8, 25
Manning’s n equation, 58, 63, 65, 69–70
Mass transfer method, 103
Mechanical energy (ME), 6–7, 6f, 59
Minor head losses, 7, 8, 34–35, 41–44
Momentum equation, 5, 16–22, 89, 91, 107
Moody diagrams, 25
Muskingum method, 107–108, 119–122

Natural Resources Conservation Service
(NRCS) method, 132–133, 138–139,
142–146, 148–152

Net precipitation, 142
Net rainfall, 103, 105, 133
No-choke condition, 77–79
Nonerodible (lined) channels, 61–62,

92–99, 95f
Nonhomogeneous watersheds, 150,

158–159
Nonuniform flow, 57–58, 57f
Normal depth, 58, 65–70, 69f, 77–81, 77f,

80f
No-slip condition, 103
NRCS (Natural Resources Conservation

Service) method, 132–133, 138–139,
142–146, 148–152

OE (overflow elevation), 132, 175, 178
Open channel flows, 57–99
alternate depth for, 88
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channel bed elevation, 77–81, 77f, 80f,
84–85

constriction of, 82–85, 82f
critical depth and, 59, 59f, 60, 73–76, 82
defined, 57, 144
design of, 61–62, 92–99, 95f
energy in, 59–60
erodible (unlined), 61
flowrate estimation in, 63–64
nonerodible (lined), 61–62, 92–99, 95f
normal depth in, 58, 65–70, 69f, 77–81,
77f, 80f

sequent depth and energy loss in, 89–91,
90f

slope of, 61–62, 86–87
specific energy diagrams of, 59, 59f,
71–72, 72f

transitions within, 60–61, 77–85, 77f, 80f,
82f

uniform and nonuniform, 57–58, 57f
Orifices, 131, 178–179
Outflow hydrographs. See Downstream

hydrographs
Overflow elevation (OE), 132, 175, 178
Overflow weirs, 131, 132, 180
Overland flow, 103–104, 104f

Pan method, 103
Peak flowrate
attenuation and, 118
in downstream vs. upstream
hydrographs, 105–106

estimation of, 133, 148–149, 155–159
Permanent pool volume (PPV), 131,

173–174
Permissible velocity method, 61, 92–95,

95f
Phi-index method, 105
P-h unit hydrographs, 105, 117–118, 117f
Piezometers, 6f, 7
Pipes. See also Pressure pipes
circular, 69–70, 69f
diameter for flow between reservoirs,
38–42

pumped flowrate estimate in network
of, 49–53, 49f

storm sewers, 132, 160–162, 160f
Point (resultant) force, 4, 4f, 12
Ponds. See Basins
Power equation, 36–37
PPV (permanent pool volume), 131,

173–174
Prandtl equation, 26

Precipitation, net, 142
Pressure pipes, 25–53
equations and parameters for problems
involving, 8

flowrate estimation in, 28–35, 28f, 43–53,
43f, 45f, 49f

major and minor head losses in, 7–8, 25
mechanical energy in, 6–7, 6f
pipe diameter, 38–42
pump head and power requirement,
36–37, 36f

transitional flow in, 25–27
Pressure prisms, 4, 4f
“Pre versus post criteria,” 163
Prism storage, 105, 106f, 108, 119
Proportionality constant, 108
Pump characteristic curve, 43
Pump heads, 36–37, 36f
Pump performance curve, 43
Pump power requirement, 36–37, 36f
Pump stations, 7

Rainfall, net, 103, 105, 133
Rapidly varying flow, 57f, 58–61, 59f
Rational method equation, 133, 155–162,

155f, 160f
Rectangular cross sections
critical depth for, 60
normal depth in, 65
specific energy in, 60

Rectangular surfaces, hydrostatic force
calculations on, 11–13, 11f, 13f

Relative humidity, 110
Reservoirs
conversion of pipe systems to, 6f, 7
cost for flow between, 36–37, 36f
flowrate estimation between, 28–35, 28f,
43–48, 43f, 45f

mechanical energy in, 7
networking problems, 45–48, 45f
pipe diameter for flow between, 38–42
pump head and power requirements for,
36–37, 36f

routing, 105, 106–107f, 107, 123–125
storage within, 105, 106f, 108
velocity in, 7

Resultant (point) force, 4, 4f, 12
Retention basins, 129, 130f
Retention–detention basins, 129, 130–131,

130f, 133, 163, 165–170
Reynolds number, 5, 5f, 25
R-h unit hydrographs, 105, 117–118,

117f
Right-of-way constraints, 94
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Routing
channel routing, 105, 107, 119–120
hydraulic methods, 107
hydrologic methods, 107
level pool, 107–109, 123–125
reservoirs, 105, 106–107f, 107, 123–125
in stormwater management systems,
181

Runoff, 104, 104f, 129, 171
Runoff depth, 133, 142–143

Santa Barbara urban hydrograph (SBUH)
method, 133, 148, 153–154

Saturated zone, 104, 104f
SCS (Soil Conservation Service), 132, 148,

149
S-curve hydrograph method, 105, 117–118
Season high water table (SHWT), 131
SEDs (specific energy diagrams), 59, 59f,

71–72, 72f
Sequent (conjugate) depth, 89–91, 90f
Sewers, 132, 160–162, 160f
Shallow concentrated flow, 144, 145, 153
Sheet flow, 144–146, 153
Short circuiting, 175
SHWT (season high water table), 131
Slope, of open channel flows, 61–62, 86–87
Sluice gates, 57, 57f, 88
Soil Conservation Service (SCS), 132, 148,

149
Specific energy, 59–60
Specific energy diagrams (SEDs), 59, 59f,

71–72, 72f
Sprinkler systems, 7
Stage-discharge curves, 107
Stage–storage data, 165, 181
Static fluids, distributed and resultant

forces in, 4, 4f
Storage–outflow relationships, 181–182
Storage time constant, 108
Storage volume graphs, 163–164
Storm sewers, 132, 160–162, 160f
Stormwater management systems
components of, 129–132
design of, 132–133
objectives of, 129
routing in, 181
storage areas in, 129–133

Subcritical depth, 59, 78, 80, 81
Subcritical flow, 59, 59f, 73, 77, 86
Supercritical depth, 59
Supercritical flow, 59, 59f, 73, 77, 86
Surface (contact) force, 3, 3–4f, 4
Surface runoff, 104

Swales, 133
Swamee and Jain equation, 25, 26,

30–31, 34–44

Thornthwaite and Holzman equation,
103

T-h unit hydrographs, 105
Time of concentration, 133, 144–147
Tractive force method, 61
Transitional flow, 7, 25–27
Transitions, in open channel flows, 60–61,

77–85, 77f, 80f, 82f
Trapezoidal cross sections
alternate depth for, 88
critical depth of, 73–74
design of, 61–62, 92–99, 95f
normal depth in, 66
sequent depth and energy loss across
hydraulic jumps for, 89–91, 90f

slope of, 61–62, 86–87
specific energy diagrams of, 71–72,
72f

Treatment volume (TV), 132, 171–172,
178

Trendline equations, 9–10, 134–135,
163–165

Triangular hyetograph method, 132,
136–137

Triangular surfaces, hydrostatic force
calculations on, 14–15, 14f

Turbulent flow, 7, 25, 28–29, 32
TV (treatment volume), 132, 171–172, 178

Uniform flow, 57, 57f, 58
Unit hydrographs, 105
Unlined (erodible) channels, 61
U.S. Bureau of Reclamation, 61–62, 96, 98
U.S. Environmental Protection Agency,

129
U.S. Geological Survey (USGS), 144

Vapor pressure, trendline equations for
estimating, 9–10

Velocity
calculation of, 29
permissible, 61, 92–95, 95f
in reservoirs, 7
wind, 110

Vertical plane, internal force calculations
in, 20–21f, 20–22

Viscosity, trendline equations for
estimating, 9–10

von Kármán constant, 103
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Water budget method, 103
Watersheds
area of, 112
characteristics of, 103, 104f
homogeneous, 148, 153–157, 155f
nonhomogeneous, 150, 158–159
unit hydrographs of, 105

Water table, 94, 104, 104f, 131
Water treatment plants, 7
Wedge storage, 105, 106f, 108, 119
Weirs, overflow, 131, 132, 180
Wet detention basins, 171–184
characteristics of, 129, 131–132, 131f

circular orifices for, 178–179
design of, 133
discharge from control structure and
stage in flood conditions,
183–184

overflow weirs for, 180
permanent pool volume for,
173–174

rectangular, 175–177
storage–outflow relationship for,
181–182

treatment volume for, 171–172, 178
Wind velocity, 110
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