
 

 CHAPTER 

 1 
 Basic Hydraulic Principles 

1.1 General Flow Characteristics 
In hydraulics, as with any technical topic, a full understanding cannot come without first 
becoming familiar with basic terminology and governing principles. The basic concepts 
discussed in the following pages lay the foundation for the more complex analyses 
presented in later chapters. 

Flow Conveyance 
Water travels downhill from points of higher energy to points of lower energy (unless 
forced to do otherwise) until it reaches a point of equilibrium, such as an ocean. This 
tendency is facilitated by the presence of natural conveyance channels such as brooks, 
streams, and rivers. The water’s journey may also be aided by man-made structures such 
as drainage swales, pipes, culverts, and canals. Hydraulic concepts can be applied equally 
to both man-made structures and natural features. 

Area, Wetted Perimeter, and Hydraulic Radius 
The term area refers to the cross-sectional area of flow within a channel. When a channel 
has a consistent cross-sectional shape, slope, and roughness, it is called a prismatic 
channel. 

If the flow in a conveyance section is open to the atmosphere, such as in a culvert flowing 
partially full or in a river, it is said to be open-channel flow or free-surface flow. If a 
channel is flowing completely full, as with a water distribution pipe, it is said to be 
operating under full-flow conditions. Pressure flow is a special type of full flow in which 
forces on the fluid cause it to push against the top of the channel as well as the bottom 
and sides. These forces may result from, for example, the weight of a column of water in 
a backed-up sewer manhole or elevated storage tank. 

A section’s wetted perimeter is defined as the portion of the channel in contact with the 
flowing fluid. This definition is illustrated in Figure 1-1. 
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Figure 1-1: Flow Area and Wetted Perimeter 

The hydraulic radius of a section is not a directly measurable characteristic, but it is used 
frequently during calculations. It is defined as the area divided by the wetted perimeter, 
and therefore has units of length. 

The hydraulic radius can often be related directly to the geometric properties of the 
channel. For example, the hydraulic radius of a full circular pipe (such as a pressure pipe) 
can be directly computed as: 
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where R = hydraulic radius (m, ft) 

A = cross-sectional area (m2, ft2) 
Pw = wetted perimeter (m, ft) 
D = pipe diameter (m, ft) 

Velocity 
As shown in Figure 1-2, the velocity of a section is not constant throughout the cross-
sectional area. Instead, it varies with location. The velocity is zero where the fluid is in 
contact with the conduit wall. 

 
Figure 1-2: Velocity Distribution 
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The variation of flow velocity within a cross-section complicates the hydraulic analysis, 
so the engineer usually simplifies the situation by looking at the average (mean) velocity 
of the section for analysis purposes. This average velocity is defined as the total flow rate 
divided by the cross-sectional area, and is in units of length per time. 

AQV /=  

where V =  average velocity (m/s, ft/s) 
Q = flow rate (m3/s, ft3/s) 
A = area (m2, ft2) 

Steady Flow 
Speaking in terms of flow, the word steady indicates that a constant flow rate is assumed 
throughout an analysis. In other words, the flow velocity does not change with respect to 
time at a given location. For most hydraulic calculations, this assumption is reasonable. A 
minimal increase in model accuracy does not warrant the time and effort that would be 
required to perform an analysis with changing (unsteady) flows over time. 

When analyzing tributary and river networks, storm sewers, and other collection systems 
in which it is desirable to vary the flow rate at different locations throughout the system, 
the network can often be broken into segments that can be analyzed separately under 
steady flow conditions. 

Laminar Flow, Turbulent Flow, and Reynolds Number 
Laminar flow is characterized by smooth, predictable streamlines (the paths of single 
fluid particles). An example of this type of flow is maple syrup being poured. In 
turbulent flow, the streamlines are erratic and unpredictable. Turbulent flow is 
characterized by the formation of eddies within the flow, resulting in continuous mixing 
throughout the section (see Figure 1-3). 

 
Figure 1-3: Instantaneous Velocity Distributions for Laminar and Turbulent Flow 

Eddies result in varying velocity directions as well as magnitudes (varying directions not 
depicted in Figure 1-3 for simplicity). At times, the eddies contribute to the velocity of a 
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given particle in the direction of flow, and at other times detract from it. The result is that 
velocity distributions captured at different times will be quite different from one another, 
and will be far more chaotic than the velocity distribution of a laminar flow section. 

By strict interpretation, the changing velocities in turbulent flow would cause it to be 
classified as unsteady flow. Over time, however, the average velocity at any given point 
within the section is essentially constant, so the flow is assumed to be steady. 

The velocity at any given point within the turbulent section will be closer to the mean 
velocity of the entire section than with laminar flow conditions. Turbulent flow velocities 
are closer to the mean velocity because of the continuous mixing of flow, particularly the 
mixing of low-velocity flow near the channel walls with the higher-velocity flow toward 
the center. 

To classify flow as either turbulent or laminar, an index called the Reynolds number is 
used. It is computed as follows: 

ν
VRRe 4

=  

where Re =  Reynolds number (unitless) 
V =  average velocity (m/s, ft/s) 
R = hydraulic radius (m, ft) 
ν = kinematic viscosity (m2/s, ft2/s) 

If the Reynolds number is below 2,000, the flow is generally laminar. For flow in closed 
conduits, if the Reynolds number is above 4,000, the flow is generally turbulent. Between 
2,000 and 4,000, the flow may be either laminar or turbulent, depending on how insulated 
the flow is from outside disturbances. In open channels, laminar flow occurs when the 
Reynolds number is less than 500 and turbulent flow occurs when it is above 2,000. 
Between 500 and 2,000, the flow is transitional. 

Example 1-1: Flow Characteristics 

A rectangular concrete channel is 3 m wide and 2 m high. The water in the channel is  
1.5 m deep and is flowing at a rate of 30 m3/s. Determine the flow area, wetted perimeter, 
and hydraulic radius. Is the flow laminar or turbulent? 

Solution 
From the section’s shape (rectangular), we can easily calculate the area as the rectangle’s 
width multiplied by its depth. Note that the depth used should be the actual depth of flow, 
not the total height of the cross-section. The wetted perimeter can also be found easily 
through simple geometry. 

A = 3.0 m × 1.5 m = 4.5 m2 

Pw = 3.0 m + 2 × 1.5 m = 6.0 m 
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R = A / Pw = 4.5 m2 / 6.0 m = 0.75 m 

In order to determine whether the flow is likely to be laminar or turbulent, we must 
determine the Reynolds number. To do this, first find the velocity of the section and a 
value for the kinematic viscosity. 

V = Q / A = 30 m3/s / 4.5 m2 = 6.67 m/s 

 γp

 z

 gV 22

From fluids reference tables, we find that the kinematic viscosity for water at 20°C is 
1.00 × 10-6 m2/s. Substituting these values into the formula to compute the Reynolds 
number results in 

Re = (4 × 6.67 m/s × 0.75 m) / (1.00×10-6) = 2×107 

This value is well above the Reynolds number minimum of 4,000 for turbulent flow. 

1.2 Energy 
The Energy Principle 
The first law of thermodynamics states that for any given system, the change in energy 
(∆E) is equal to the difference between the heat transferred to the system (Q) and the 
work done by the system on its surroundings (W) during a given time interval. 

The energy referred to in this principle represents the total energy of the system, which is 
the sum of the potential energy, kinetic energy, and internal (molecular) forms of energy 
such as electrical and chemical energy. Although internal energy may be significant for 
thermodynamic analyses, it is commonly neglected in hydraulic analyses because of its 
relatively small magnitude. 

In hydraulic applications, energy values are often converted into units of energy per unit 
weight, resulting in units of length. Using these length equivalents gives engineers a 
better “feel” for the resulting behavior of the system. When using these length 
equivalents, the engineer is expressing the energy of the system in terms of “head.” The 
energy at any point within a hydraulic system is often expressed in three parts, as shown 
in Figure 1-4:  

Pressure head  

Elevation head  

Velocity head   

where p = pressure (N/m2, lbs/ft2) 
γ = specific weight (N/m3, lbs/ft3) 
z = elevation (m, ft) 
V = velocity (m/s, ft/s) 
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Figure 1-4: The Energy Principle 

Note that a point on the water surface of an open channel will have a pressure head of 
zero, but will have a positive elevation head higher than that of a point selected at the 
bottom of the channel for the same station. 

The Energy Equation 
In addition to pressure head, elevation head, and velocity head, energy may be added to a 
system by a pump (for example), and removed from the system by friction or other 
disturbances. These changes in energy are referred to as head gains and head losses, 
respectively. Because energy is conserved, the energy across any two points in the system 
must balance. This concept is demonstrated by the energy equation: 
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where p = pressure (N/m2, lb/ft2) 
γ = specific weight of the fluid (N/m3, lb/ft3) 
z = elevation above a datum (m, ft) 
V = fluid velocity (m/s, ft/s) 
g = gravitational acceleration (m/s2, ft/s2) 
HG = head gain, such as from a pump (m, ft) 
HL = combined head loss (m, ft) 

Hydraulic Grade 
The hydraulic grade is the sum of the pressure head (p/γ) and elevation head (z). For 
open channel flow (in which the pressure head is zero), the hydraulic grade elevation is 
the same as the water surface elevation. For a pressure pipe, the hydraulic grade 
represents the height to which a water column would rise in a piezometer (a tube open to 
the atmosphere rising from the pipe). When the hydraulic grade is plotted as a profile 
along the length of the conveyance section, it is referred to as the hydraulic grade line, or 
HGL. 
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Energy Grade 
The energy grade is the sum of the hydraulic grade and the velocity head (V2/2g). This 
grade is the height to which a column of water would rise in a Pitot tube (an apparatus 
similar to a piezometer, but also accounting for fluid velocity). When plotted in profile, 
this parameter is often referred to as the energy grade line, or EGL. For a lake or 
reservoir in which the velocity is essentially zero, the EGL is equal to the HGL. 

Energy Losses and Gains 
Energy (or head) losses (HL) in a system are due to a combination of several factors. The 
primary cause of energy loss is usually the internal friction between fluid particles 
traveling at different velocities. Secondary causes of energy loss are localized areas of 
increased turbulence and disruption of the streamlines, such as disruptions from valves 
and other fittings in a pressure pipe, or disruptions from a changing section shape in a 
river. 

The rate at which energy is lost along a given length of channel is called the friction 
slope, and is usually presented as a unitless value or in units of length per length  
(ft/ft, m/m, etc.). 

Energy is generally added to a system with a device such as a pump. Pumps are discussed 
in more detail in Chapter 6. 

Example 1-2: Energy Principles 

A 1,200-mm diameter transmission pipe carries 126 l/s from an elevated storage tank 
with a water surface elevation of 540 m. Two kilometers from the tank, at an elevation of 
434 m, a pressure meter reads 586 kPa. If there are no pumps between the tank and the 
meter location, what is the rate of head loss in the pipe? (Note: 1 kPa = 1,000 N/m2.) 

Solution 
Begin by simplifying the energy equation. Assume that the velocity within the tank is 
negligible, and that the pressure head at the tank can be discounted because it is open to 
the atmosphere. Rewriting the energy equation and entering the known values, we can 
solve for head loss. The velocity can be calculated using the flow rate and pipe diameter. 

Q = 126 l/s × (1 l/s / 103 m3/sec) = 0.126 m3/s 

A = π × (0.6 m)2 = 1.13 m2 

V = Q/A = 0.126 m3/s / 1.13 m2 = 0.11 m/s 

V2/2g = (0.11 m/s)2 / (2 × 9.81 m/s2) = 0.0006 m (negligible) 

Neglecting the velocity simplifies the energy equation even further, and we can now 
solve for head loss as 

HL = 540 m – 434 m – (586,000 N/m2) / 9810 N/m3 = 46.27 m 
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The rate of head loss (or friction slope) can now be computed as 
Friction slope = 46.27 m / (2 × 1000 m) = 0.023 m/m, or 23 m/km 

1.3 Orifices and Weirs 
The energy equation serves as the foundation for calculating the flow through and over 
hydraulic structures based on the size of the opening associated with the structure and the 
difference in energy on either side of it. The flow exiting the structure can be calculated 
by solving the energy equation for velocity, V2, and multiplying the resulting formula by 
the flow area and a coefficient to account for different hydraulic and physical variables. 
These variables include: head loss, the shape and nature of the opening, the contraction of 
the flow after it leaves the structure, and countless indefinable variables that are difficult 
to measure but produce quantifiable effects. 

Two common devices for which equations are derived in this manner are weirs and 
orifices. They are important not only because of their widespread usage in the industry, 
but also because the equations that describe them serve as the foundation for 
mathematical descriptions of more complicated hydraulic devices such as drainage inlets 
and culverts. 

Orifices 
Orifices are regularly shaped, submerged openings through which flow is propelled by 
the difference in energy between the upstream and downstream sides of the opening. The 
stream of flow expelled from the orifice is called the jet. When the jet exits the orifice, 
adverse velocity components cause it to contract to a point after which the flow area 
remains relatively constant and the flow lines become parallel (see Figure 1-5). This point 
is called the vena contracta. 

 
Figure 1-5: Cross-Sectional View of Typical Orifice Flow 
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Orifices and the orifice equations have the following applications: 
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Regulating the flow out of detention ponds 
Regulating the flow through channels in the form of radial and sluice gates 
Approximating the interception capacity of submerged drainage inlets in sag (see  
Chapter 3) 
Approximating the flow allowed through a submerged culvert operating under inlet 
control (see Chapter 4) 
Measuring flow 

Example 1-3: The Orifice Equation 

For the structure in Figure 1-6, derive the orifice equation for an orifice of area A.  

 
Figure 1-6: Orifice Example 

Solution 
First, start with the energy equation from Section 1.2: 

 

2

List known variables and assumptions: 

The datum is at the centerline/centroid of the orifice 
p1/γ = H 
Point 2 occurs at the vena contracta 
Elevation heads, z1 and z2, are equivalent 
The velocity in the tank at point 1 is negligible 
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The jet is open to the air, so the pressure at point 2 is 0  
 

( )LHHgV −= 22

( )LHHgAQAV −== 22

gHCAQ 2=

There is no head gain 
Taking these known variables and assumptions into account and solving for V2, the 
energy equation becomes: 

  

To find the flow exiting the structure at point 2, multiply both sides of the equation by the 
orifice area, A. 

  

where Q = discharge (m3/s, ft3/s) 

The point of discharge is the vena contracta, where the flow area is usually contracted 
from the original orifice area. Also, computations can be simplified by eliminating the 
head loss term, HL. Both of these variables are accounted for by applying an orifice 
coefficient, C, to the right side of the equation. The final form of the orifice equation 
becomes: 

  

where C = orifice coefficient 

When dealing with storm sewer design, the orifice coefficient is generally about 0.6. For 
more in-depth information on orifice coefficients for different situations, see Brater and 
King’s Handbook of Hydraulics (1996). 

Weirs 
Weirs are notches or gaps over which fluid flows. The lowest point of structure surface or 
edge over which water flows is called the crest, whereas the stream of water that exits 
over the weir is called the nappe. Depending on the weir design, flow may contract as it 
exits over the top of the weir, and, as with orifices, the point of maximum contraction is 
called the vena contracta. 

 
Figure 1-7: Front View of Common Weir 
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