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Occurrence of Open-Channel Flow 

Poll question (½ minute):

Open-channel flow occurs in:

a) Rivers

b) Canals

c) Sewer pipes

d) (a) and (b)

e) (a), (b) and (c)
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Occurrence of Open-Channel Flow 

 Natural streams (rivers and creeks)

 Man-made human-made (artificial or engineered) canals

 Flumes 

 Partially-full storm drains

 Partially-full sewer lines

 Partially-full culverts

4Bassam Kassab



Occurrence of Open-Channel Flow 

 Natural streams (rivers and creeks)
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Coyote Creek in San José

The Amazon River



Occurrence of Open-Channel Flow 

 Human-made (artificial or engineered) canals

6Bassam Kassab

An irrigation canal

The California 
Aqueduct

The Suez canal



Occurrence of Open-Channel Flow 

 Flumes 
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Log flume 
in Sweden

Flume at a water park

Flume in a 
hydraulics 
laboratory



Occurrence of Open-Channel Flow 
 Partially-full storm drains, sewer 

lines and culverts
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Circular pipe

Box culvert

Horseshow shaped 
(combined) sewer in 
Wimbledon, London



Pressurized vs. Open-Channel Flow 
in Closed Conduits

Pressurized flow Open-channel flow
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Uniform vs. Nonuniform Flow
& Steady vs. Unsteady Flow

 Uniform flow: Constant flow characteristics (like velocity and depth of 
water) with respect to space

 Nonuniform flow, like when a channel bed slope, roughness or cross 
section changes, resulting in change of water depth and velocity over 
space

 Steady flow: Constant flow characteristics with respect to time.
Steady flow is considered when designing a channel 

 Consider unsteady flow when looking at the effect of a storm on a 
watershed (flow hydrograph peaks then recedes)
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Conservation of Mass Principle

 In a control volume:

OutIn
dt

dS
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(change in storage over time = 
inflow – outflow)

• For steady & incompressible 

flow:   dS/dt = 0, 

the continuity equation becomes:
In = Out     (inflow = outflow)

i.e.,  Qin =  Qout

Lexington Reservoir (Los Gatos, California) 
spilling in January 2017

https://www.youtube.com/watch?v=eydJCDNixeA
https://www.youtube.com/watch?v=eydJCDNixeA


Conservation of Mass Principle
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Continuity equation applied to a junction of a river and its 
tributary:  

Q1 + Q2 = Q3 



Manning’s Equation

 The conservation of energy principle applies to open-
channel flow, like it does for pressurized pipe flow. 

 For nonuniform flow, the energy equation can be rewritten 
in the form of Manning’s equation:

𝑽 =
𝒌

𝒏
𝑹
𝒉

𝟐

𝟑𝑺
𝒇

𝟏

𝟐

where k=1 for velocity (V) in m/s and k=1.486 for V in ft/s

 For uniform flow, friction slope 𝑺𝒇 (slope of energy grade 

line) = channel bed slope 𝑺𝒐. 

Knowing that Q= A.V, Manning’s equation becomes:

𝑸 =
𝒌

𝒏
𝑨 𝑹

𝒉

𝟐
𝟑𝑺𝒐

𝟏
𝟐
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Manning’s Friction Factor n
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Few examples below… Source: Ven Te Chow (1959)

Type of Channel Minimum Normal Maximum

Main channel: clean, straight, no deep pools 0.025 0.030 0.033

Mountain stream, no vegetation in channel, 
steep banks, brush along banks, bottom has 
gravel, cobbles with few boulders

0.030 0.040 0.050

Floodplain has trees: dense willows 0.110 0.150 0.200

Excavated or dredged channel with short grass 
and few weeds

0.022 0.027 0.033

Constructed channel: 
cement lined with neat surface

0.010 0.011 0.013

Constructed channel: 
concrete with trowel finish

0.011 0.013 0.015

Corrugated metal storm drain 0.021 0.024 0.030



Geometric Functions for Various Cross Sections
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A = Area of a channel cross section

Pw = Wetted Perimeter of a channel cross section

Rh = Hydraulic Radius   𝑹𝒉 =
𝑨

𝑷𝒘



Normal Depth (yn) 

 y = depth of water in channel from free water surface to 
thalweg

 yn = water depth for steady, uniform flow (a.k.a. normal 
depth) as obtained from Manning’s equation

 Having the flow (discharge Q) and channel cross section, use 
Manning’s equation to solve for yn. Then check if channel 
banks would be overtopped. Or design the height of new 
banks (design problem) 

 Having the water depth and channel cross section, use 
Manning’s equation to find the channel flow capacity Q 
(analysis problem) 
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Analysis Problem

Find: Discharge Q

Pull out your calculator and take 1 
½  minutes to solve for Q using 
Manning’s equation:   

𝑄 =
𝑘

𝑛
𝐴 𝑅ℎ

2
3 𝑆𝑜

1
2

A = ?

Pw = Bw + 2 y = ?

𝑅ℎ =
𝐴

𝑃𝑤
= ?

Therefore, 𝑄 =? 17Bassam Kassab

Given:
 Trowel finish rectangular concrete channel  n = 0.013

 Measured water depth: y = 2 m

 Channel width: Bw = 3 m

 Surveyed bed slope: So = 1% 

Possible answers:

The value for discharge Q is 
approximately:

a)  Q = 4.2 m3/s (cms)

b)  Q = 6.2 cms

c)  Q = 42 cms

d)  Q = 62 cms

e)  None of the above



Analysis Problem (solution)

Find: Discharge Q

Use Manning’s equation:   𝑄 =
𝑘

𝑛
𝐴 𝑅ℎ

2

3𝑆𝑜

1

2 (and k =1 for metric units)

A = Bw . y = 3 x 2 = 6 sq.meters

Pw = Bw + 2 y = 3 + 2x2 = 7 meters

𝑅ℎ =
𝐴

𝑃𝑤
= 
6

7
meters = 0.857 m

Therefore, 𝑄 =
1

0.013
(6) (0.857)

2

3 (0.01)
1

2 = 41.65 m3/s
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Given: 
 Trowel finish rectangular concrete channel  n = 0.013

 Measured water depth: y = 2 m

 Channel width: Bw = 3 m

 Surveyed bed slope: So = 1% = 0.01



Design Problem

Find: Normal depth yn

Use Manning’s equation:   𝑄 =
𝑘
𝑛 𝐴 𝑅ℎ

2

3𝑆𝑜

1

2 with k =1.486 for English units

𝐴 = 𝐵𝑤 𝑦𝑛 + 𝑧 𝑦𝑛
2 = 10 𝑦𝑛 + 0.5 𝑦𝑛

2

𝑃𝑤 = 𝐵𝑤 + 2 𝑦𝑛 1 + 𝑧2 = 10 + 2 𝑦𝑛 1 + 0.52 ,   and 𝑅ℎ =
𝐴

𝑃𝑤

300 𝑐𝑓𝑠 =
1.486

0.011

10 𝑦𝑛 + 0.5 𝑦𝑛
2 5/3

10 + 2 𝑦𝑛 1 + 0.52
2/3

(0.002)
1
2

Pause the presentation to solve for yn by: 

- Trial & Error 

- or using a spreadsheet or a programmable calculator 19Bassam Kassab

Given: 
 Cement lined trapezoidal channel  n = 0.011

 Bottom width: Bw = 10 feet

 Surveyed bed slope: So = 2 per thousand = 0.002

 Side slopes: H:V = z:1 where z = 0.5

 10-year flow: Q = 300 cubic feet per second (cfs)



Design Problem (solution)

300 𝑐𝑓𝑠 =
1.486

0.011

10 𝑦𝑛 + 0.5 𝑦𝑛
2 5/3

10 + 2 𝑦𝑛 1 + 0.52
2/3

(0.002)
1
2

Solve the above equation to obtain yn:

 yn = 2.83 feet 

Add freeboard = 1.5 ft to get the total height from the thalweg to the top of bank 
 around 4.4 ft.
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HGL versus EGL
Hydraulic Grade Line (HGL) = y + z

Energy Grade Line (EGL) = y + z +
V2

2 g
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Froude Number

 Froude Number: a dimensionless number for open-channel flow = 
ratio of inertial force to gravitational force

𝑭𝒓 =
𝑽

𝒈 𝑫𝒉

V = velocity (m/s or ft/sec)

g = gravitational acceleration (9.81 m/s2 or 32.2 ft/s2)

Dh = hydraulic depth in the channel (m or ft): 𝑫𝒉 =
𝑨

𝑻𝒘

where Tw = Top width of the water surface in channel

 Note: Dh = y ONLY in the cases of rectangular channel and 
very wide channel. You cannot assume Dh=y for any other 
channel cross section.
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Critical, Subcritical and Supercritical Flows

 The critical depth yc in an open channel is a depth:

➢ above which the flow is subcritical, and

➢ below which the flow is supercritical.
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Water 
depth y 
versus yc

Flow Froude 
#

Velocity Water 
depth, y

If cause a disturbance
on the water surface, 
the resulting surface 
waves will…

y = yc Critical Fr = 1 - - propagate radially

y > yc Subcritical Fr < 1
Slow, 
tranquil 
flow 

Relatively 
large

propagate downstream 
and upstream too

y < yc Super-
critical

Fr > 1
Fast, rapid 
flow

Relatively 
small

propagate only 
downstream



Critical Depth (yc) Computation

 The critical depth yc is found by solving the equation Fr = 1.

 Or convert Fr=1 into the following form :

𝑸𝟐𝑻𝒄

𝒈 𝑨𝒄
𝟑
= 𝟏

where Top width Tc and area Ac are written in function of the 
unknown yc. Then solve for yc using Trial & Error, a programmable 
calculator or a spreadsheet.

 The above equation applies to ALL cross sections.

 Only a rectangular cross section has this simple, direct solution:

𝒚𝒄 =
𝟑 𝒒𝟐

𝒈
, 

where q = flow per unit width of channel = Q / Bw
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NDL versus CDL
 The Normal Depth Line (NDL) is a line drawn on a channel profile to 

show the location of the normal depth yn.  

 The Critical Depth Line (CDL) is a line drawn on a channel profile to 
show the location of the critical depth yc.  

 If the flow in the channel is uniform, the water depth will be at yn
throughout the channel. Hence the water surface (HGL) will coincide 
with the NDL.

 If the flow in the channel is nonuniform, the water depth will deviate 
from yn. Hence the water surface (HGL) will diverge from the NDL.
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Mild versus Steep Channel Bed Slopes

 On a mild slope:
➢ NDL is higher than CDL (yn > yc)

➢ Uniform flow is always subcritical on a mild slope

➢ Supercritical flow can occur on mild slope only under nonuniform flow 
conditions

 On a steep slope:
➢ NDL is lower than CDL (yn < yc)

➢ Uniform flow is always supercritical on a steep slope

➢ Subcritical flow can occur on steep slope only under nonuniform flow 
conditions
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Steady, Gradually Varied Flow

 Nonuniform flow can be:
➢ Gradually varied flow, or

➢ Rapidly varied flow

 Gradually varied flow: the water surface profile  (HGL) 
diverges from the uniform flow’s NDL

 Gradually-varied flow:
➢ On Mild slope, water surface profile can only be M1, M2 or M3

➢ On Steep slope, water surface profile can only be S1, S2 or S3

➢ On Critical slope, water surface profile can only be C2 or C3

➢ On Horizontal slope, water surface profile can only be H2 or H3

➢ On Adverse slope, water surface profile can only be A2 or A3
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Gradually Varied Flow - Water Surface Profiles
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Steady, Rapidly Varied Flow
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 Rapidly varied flow examples:
➢ Waterfall

➢ Radial hydraulic jump in a sink 

➢ Hydraulic jump in a channel



Rapidly Varied Flow: The Hydraulic Jump
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Hydraulic Jump
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 If you have flow Q and 

upstream depth y1, you can 

compute Fr1 then find y2 from:

𝑦2 =
𝑦1

2
(−1 + 1 + 8 𝐹𝑟1

2 )

 Inversely, if you have Q and 

y2, you can compute Fr2 then find y1 from:

𝑦1 =
𝑦2

2
(−1 + 1 + 8 𝐹𝑟2

2 )

 If you measure y1 and y2, you can use one of the above 
equations to compute Fr1 or Fr2, then use Fr to find Q.



Hydraulic Jump

✔ Advantages:

● Dissipates the energy of water over a spillway. 

● Prevents scouring on the downstream side of the dam structure. 
● Traps air in the water (Useful for removing wastes and pollution 
in the water).

● Reverses the flow of water (Can be used to mix chemicals for 
water purification). 

● Maintains a high water level on the downstream side (Useful for 
irrigation purposes).

✖ Disadvantages: 

● Downstream turbulence can cause damage and degradation of 
channel banks. 

● May cause erosion on hydraulic surfaces. 

● Undesirable condition for fish passage.
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Energy Dissipation in a Hydraulic Jump

● Hydraulic jumps are one of the most effective options in 
dissipating energy over water structures. 

● Energy is dissipated in the form of heat. 

● Turbulent flow and secondary waves cause most of the energy 
dissipation. 

● Applying the conservation of momentum equation, the 
energy loss can be calculated by: 

ΔE = (y₂ - y₁)³ / (4y₁y₂) 

where y₁ = flow depth at supercritical flow and y₂ = flow depth 
at subcritical flow.
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Specific Energy as Applied to a Hydraulic Jump

The diagram illustrates a hydraulic jump and the energy loss 
(ΔE) from specific energy E1 to specific energy E2. The 
supercritical depth (y1) jumps to a larger depth, subcritical depth 
(y2), as the velocity decreases from V1 to V2.      y1 and y2 are 
called conjugate or sequent depths.

𝑬 = 𝒚 +
𝑽𝟐

𝟐 𝒈 34Bassam Kassab



NDL, CDL and HGL

Question (1 minute): In the mild channel (reach B) below, just 
downstream of the hydraulic jump:

a) The HGL overlaps the NDL

b) The HGL overlaps the CDL

c) Cannot tell from the given information

d) The HGL does not exist with hydraulic jumps
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HEC-RAS
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• The U.S. Army Corps of Engineers has developed HEC-RAS (Hydrologic 
Engineering Center – River Analysis System), software for:

➢ One-dimensional (1-d) analysis of steady flow hydraulics
➢ 1-d and 2-d unsteady flow hydraulics 
➢ Quasi-unsteady and full unsteady sediment transport modeling
➢ Water temperature analysis
➢ Water quality modeling (nutrient fate and transport)

• The hydraulic concepts discussed in this webinar are the foundations 
for 1-d flow in open channels. 

• Not only understanding basic open-channel hydraulics is essential for 
the analysis and/or design of simple cross sections and a profile with 
few slope changes, but also for the interpretation of software output 
for more complex cases.



 Bassam Kassab, P.E.

 Email: bkassab@valleywater.org

 Webpage: www.sjsu.edu/people/bassam.kassab
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Questions & Answers

Contact Information

mailto:bkassab@valleywater.org
http://www.sjsu.edu/people/bassam.kassab


Thanks for joining us!

Have a great day!
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www.baywork.org

http://www.baywork.org/

