
WATS 5150 – Fluvial Geomorphology

Hydraulics



Reading for this Module
• CHAPTER FIVE: Impelling and resisting 

forces in river systems

• Brierley G and Fryirs K. 2005. Geomorphology and River 
Management: Applications of the River Styles 
Framework. Blackwell Publishing: Victoria, Australia, 
398 pp.  

https://ebookcentral-proquest-com.dist.lib.usu.edu/lib/usu/reader.action?docID=1032536&ppg=81
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When Runoff 
Accumulates in a 

Channel…

• Water accumulates (from runoff) and 
has mass

• Put in container (channel) with a 
slope.. 

• Can potentially do work! 
Fryirs & Brierley (2013)

DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Definitions Always Help to Start

• From 
www.thefreedictionary.com

• From Dingman (2009)

http://www.thefreedictionary.com/


Hydraulics Is Not… But Depends On
• Hydraulics is f(climate, hydrology, geology, geomorphology)
• But hydraulics ≠ climate, hydrology, geology, geomorphology
• What does hydraulics =?
• What are the primary hydraulic variables?

• Velocity & Depth



The Basics… Physics of Rivers

• This a very geomorphic 
perspective…  

• hydraulics exist and most the time 
expend energy…

• Some of the time, they can do 
geomorphic work

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Physics Refresher…

• That Fluid Force 𝐹𝐹𝐹𝐹 is the 
“impelling force” 
characterized by the 
hydraulics



Lane’s Balance - Conceptual Model of “Work”

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

𝑄𝑄𝑠𝑠 � 𝐷𝐷50~𝑄𝑄𝑤𝑤 � 𝑆𝑆

Four Key 
Components:
1. Sediment

Load
2. Sediment Size
3. Slope
4. Discharge

Sets up this 
relationship:

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆RHS remarkably similar to… 

http://dx.doi.org/10.1002/9781118305454


That work... Well 3 of these are geomorphic work

Fluvial
Geomorphic 
Processes
• Erosion
• Deposition
• Transport
• Storage

• Two are 
adjustments… to 
geometry… 



What is difference between net & total?

• Net change, is inferred from the net result (after – before)
• Total change sums all the erosion and deposition over the Δt 

duration between surveys.
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Forms of Adjustment to Channel Shape

• Geomorphologists have 
lots of special names for 
things…

• Basically, all expressions 
or special cases of 
erosion or deposition

From Brierley & Fryirs (2005)



Ways a River Can Adjust Locally – Do Work

• Adjustments 
(Erosion/Deposition)

• Channel morphology
• Channel Size
• Channel Shape

• Bed Character
• Planform
• Arrangement of geomorphic units

• An adjustment is not a change in river type!
• “River behavior equates to adjustments around a 

characteristic assemblage of geomorphic units”



Exner Equation

• Relates the net topographic 
change (𝜕𝜕𝐷𝐷

𝜕𝜕𝑡𝑡
) to changes in 

sediment transport with 
distance

𝜕𝜕𝑛𝑛
𝜕𝜕𝑑𝑑

= −
1
𝜀𝜀0
𝜕𝜕𝑞𝑞𝑠𝑠
𝜕𝜕𝜕𝜕

Change in Bed 
Elevation over time Grain Packing Density

Sediment Discharge



Turns out… Biology 
Matters Too!

• This conceptually powerful model, 
can be adapted to consider role 
biology will often play…

Pollock et al. (2014)
DOI: 10.1093/biosci/biu036

http://dx.doi.org/10.1093/biosci/biu036
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Fluid Mechanics
• WATS  6900 – Sed Transport w/ Open 

Channel Flow
• CEE 3500 – Fluid Mechanics
• CEE 3510 – Eng. Hydraulics

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Flow Motion & 
Velocity Profiles

We’ll revisit this in a few sections 
in context of fluid resistance



Velocity 
Patterns & 
Profiles

• Cross 
section 
velocity 
isovels
(contours) 

• Velocity
profiles

• Just
highlighting 
“no slip” at 
boundary 



No Slip & Those Pesky Hydrogen Bonds

• At a boundary, hydrogen bonds cause 
the fluid molecules at the boundary to 
stick or adhere to boundary

• Upshot is:

“This no-slip condition produces a 
frictional retarding force (drag) that is 
transmitted through the fluid for 
considerable distances normal to the 
boundary as a velocity gradient. Close to 
the boundary, the frictional force is 
transmitted into the flow by intermolecular 
attractions that manifest as viscosity.”

𝑢𝑢𝑥𝑥 𝑦𝑦 = 0 = 0 ⁄𝑚𝑚 𝑠𝑠

http://www.youtube.com/watch
?v=cUTkqZeiMow

http://www.youtube.com/watch?v=cUTkqZeiMow


Viscosity
• Two Types Again

• Coefficient of Viscosity
• Kinematic Viscosity:

@ 1 atm & 20° C

From White (1999) – ‘Fluid Mechanics’ 

𝜈𝜈=𝜇𝜇
𝜌𝜌

𝜇𝜇

𝜏𝜏 = 𝜇𝜇 �
𝑑𝑑𝑢𝑢
𝑑𝑑𝑦𝑦

http://www.youtube.com/wa
tch?v=vNzTYzjLgKE

http://www.youtube.com/watch?v=vNzTYzjLgKE


What is a velocity profile?
• A mathematical function for velocity as a function of 

depth (or height above bed):

𝑈𝑈𝑤𝑤 =
1
𝑌𝑌𝑤𝑤

� �
0

𝑌𝑌𝑤𝑤
𝑢𝑢 𝑦𝑦 � 𝑑𝑑𝑦𝑦

𝑈𝑈 =
1
𝐴𝐴 � �0

𝐴𝐴
𝑈𝑈𝑤𝑤 𝑤𝑤 � 𝑑𝑑𝐴𝐴 𝑤𝑤

𝑢𝑢 𝑦𝑦 =?

• 𝑈𝑈𝑤𝑤 - Local average ‘vertical’ 
velocity

• U - Average cross section 
velocity

• 𝑌𝑌𝑤𝑤 - Local Depth
• A - Cross Sectional Area
• w - Water surface width



How Do I Measure A Velocity Profile?
• You take a bunch of points… 
• Say every few centimeters?



Definitions of Uniform & Steady Flow

• Uniform Flow: if the element
velocity at any instant is 
constant along a streamline the 
flow is uniform (i.e. convective 
acceleration ⁄𝑑𝑑𝑢𝑢 𝑑𝑑𝜕𝜕 = 0),.

• Steady Flow: if the element
velocity 𝑢𝑢 at any given point on a 
streamline does not change with 
time, the flow is steady (i.e. local 
acceleration ⁄𝑑𝑑𝑢𝑢 𝑑𝑑𝑑𝑑 = 0) .

From Dingman (2008) – Chapter 4& 6



Uniform vs. Non-Uniform Flow

Figures From COMET: 
http://www.meted.ucar.edu/hydro/basic/Routing/print_version/03-
streamflow_characteristics.htm#13

• Uniform Flow: if the element velocity at any 
instant is constant along a streamline the flow is 
uniform (i.e. convective acceleration 
⁄𝑑𝑑𝑢𝑢 𝑑𝑑𝜕𝜕 = 0),.

http://www.meted.ucar.edu/hydro/basic/Routing/media/graphics/uniform_non_uniform.swf
http://www.meted.ucar.edu/hydro/basic/Routing/print_version/03-streamflow_characteristics.htm#13


FOUR MAIN FLOW TYPES

• Steady uniform flow:
Conditions do not change with position in the 
stream or with time.

• Steady non-uniform flow:
Conditions change from point to point in the 
stream but do not change with time. 

• Unsteady uniform flow:
At a given instant in time the conditions at every 
point are the same, but will change with time. 

• Unsteady non-uniform flow:
Every condition of the flow may change from 
point to point and with time at every point. 

Defintions & Figures From COMET: 
http://www.meted.ucar.edu/hydro/basic/Routing/print_version/03-
streamflow_characteristics.htm#13

http://www.meted.ucar.edu/hydro/basic/Routing/print_version/03-streamflow_characteristics.htm#13


Equations of Motion
• Within a closed system, mass remains constant with time:

• Newton’s Second Law of Motion:

�𝐹𝐹 = 𝑚𝑚 � 𝑎𝑎

[M·L·T-2] [L·T-2][M]

��⃗�𝐹 =
𝐷𝐷
𝐷𝐷𝑑𝑑

𝑀𝑀 × 𝑈𝑈
Eq. 2.2

Eq. 2.1
𝐷𝐷𝑀𝑀
𝐷𝐷𝑑𝑑

= 0

M is mass; D/Dt is absolute differential

How we typically think of it…

From Chanson (2004) 

Recall scalar and vector 
quantities?



Governing Equations of Fluid Flow

Navier-Stokes Equations

• A system of 4 nonlinear PDE of mixed
hyperbolic parabolic type describing
the fluid hydrodynamics in 3D.

• Three equations of conservation of
momentum in cartesian coordinate
system plus equation of continuity
embodying the principal of
conservation of mass.

• Expression of ∑F=ma for a fluid in a
differential volume.
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From: www.pec.org.pk/sCourse_files/dam_Lecture2.ppt

http://www.pec.org.pk/sCourse_files/dam_Lecture2.ppt


Flow “Structures”

• Helicoidal flow 
structures in meander 
bends produce an 
anticlockwise, 
corkscrew effect.

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Density

Two Types

• Mass Density, ρ, is a mass per unit volume [ML-3]
• Weight Density, γ, is a weight (force) per unit volume [FL-3]                                       

(a.k.a. specific weight)
• Using Newton’s Second Law:

rho

gamma

�𝐹𝐹 = 𝑚𝑚 � 𝑎𝑎

𝛾𝛾 = 𝜌𝜌 � 𝑔𝑔

(i.e. you push something and it moves)

[M·L·T-2]

From Dingman (2008) 

?

Dingman says ‘these are related by Newton’s Second Law’

[L·T-2][M]

[F·L-3] [L·T-2][ML-3]



Hydraulics – Impelling & Resisting Forces in 
River Systems

I. Intro
II. Mechanics of Fluid Flow
III. Impelling Forces in River Channels
IV. Resisting Forces in Channels
V. Balance of Impelling & Resisting Forces Along 

Long Profiles
VI. Hydraulic Models



Stream Power & Shear Stress

• Two simplistic summaries for quantifying the “impelling” forces.

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆

𝜏𝜏 = 𝜌𝜌 � 𝑔𝑔 � 𝑅𝑅 � 𝑆𝑆

Rate of potential energy 
expenditure against bed and 
banks

Force applied by flowing 
liquid to its boundary



Stream Power
Total (Ω), Specific (𝜔𝜔) & Critical

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆

𝛾𝛾 = 𝜌𝜌 � 𝑔𝑔
[L·T-2] [L3·T-1] [L·L-1][ML-3]

Total

Specific (Unit)

Critical

Specific (Unit)

[ML2T-3]
SI: (W)

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Reach Slope
• Using segmented NHD 

network (into 250 m long 
reaches), extract 
elevations @ top and 
bottom of each reach from 
DEM and divide by reach 
length… 



Q2 Stream Power

1. Calculate Q2 for each 
reach based on drainage 
area and USGS regional 
curves

2. Multiply by Q by slope (Ω= 
ρgQS)

Only  few reaches in gorge where 
this may be an issue.



Remember this?

• Stream power 
changes as you move 
downstream

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆

https://extension.umass.edu/riversmart/sites/extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf


Shear Stress 𝜏𝜏 = 𝜌𝜌 � 𝑔𝑔 � 𝑅𝑅 � 𝑆𝑆
[L·T-2]    [L]    [L·L-1][ML-3][FL-2]

SI: (Pa or Nm-2)

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Critical Shear Stress
• Conditions required to initiate bed erosion and sediment movement

• WATS  6900 – Sed Transport w/ Open 
Channel Flow

• WATS 6900 – Sediment Transport in 
Restoration Design

https://www.fs.fed.us/rm/pubs/rmrs_gtr226.pdf


Shear Stress – Straight Forward to Model…

• Depth Slope 
Product Mediated 
by biology…

Bair et al. (2019) 
DOI: 10.5194/esurf-7-841-2019

https://doi.org/10.5194/esurf-7-841-2019
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Resisting Forces

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Valley Scale Resistance

• Resistance from interaction of flow with “active” confining margins

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Channel-Scale Resistance

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

• Curvature @ Bends
• Energy Loss over Riffles

• Bed & Bank interactions 
with structural elements

http://dx.doi.org/10.1002/9781118305454


When Roughness
Elements are Big Enough..

• A structural element is a 
discrete object that directly 
influences hydraulics

• Structural elements produce:
• Flow separation points
• Flow seams
• Shear zones 
• Reattachment point or zone

• Help predict zones of erosion, 
deposition, margins and ‘forced’ 
geomorphic units

From: Wheaton et al. (2015) – Geomorphology; 
DOI: 10.1016/j.geomorph.2015.07.010

http://dx.doi.org/10.1016/j.geomorph.2015.07.010


Reading Water (i.e. Hydraulics) Helps You Navigate Safely…

• Really all about identifying structural elements and their 
impact on flow (e.g. 2D flow separation or 3D)?



Differentiating Structural Elements
• Helps predict its:

• Hydraulic influence
• geomorphic 

influence

From: Wheaton et al. (2015) – Geomorphology; DOI: 
10.1016/j.geomorph.2015.07.010

http://dx.doi.org/10.1016/j.geomorph.2015.07.010


Many Flavors… Make Hydraulics More Interesting



As a boater, Identifying Structural Elements Is Critical! 
Rio Ara – Above Broto

https://vimeo.com/68327211

Also, if you are an aquatic organism (i.e. lets say a fish) it kind of matters

https://vimeo.com/68327211
https://vimeo.com/68327211


Position of Structural Elements Controls Response



If you can measure mean flow velocity…

• Some ways for 
characterizing the impact of 
that channel-scale 
resistance (roughness)



Boundary Resistance – Grain & Form

• Relative Roughness is 
roughness height compared to 
flow depth 

𝑦𝑦𝐸𝐸
ℎ



Typical Roughness Height 𝑦𝑦𝐸𝐸 Estimate
• “In natural alluvial channels, the bed 

material usually consists of sediment 
grains with a range of diameters. For a 
particular reach the characteristic height 
𝑦𝑦𝐸𝐸 is usually determined as:”

• 𝑑𝑑𝐷𝐷 Diameter of particles larger than p percent of 
the particles on the boundary surface

• 𝑘𝑘𝐸𝐸 A multiplier ≥ 1
• We’ll often assume 𝑘𝑘𝐸𝐸 = 1 & 𝑝𝑝 = 84 so that 
𝑦𝑦𝐸𝐸 = 𝑑𝑑84

𝑦𝑦𝐸𝐸 = 𝑘𝑘𝐸𝐸 � 𝑑𝑑𝐷𝐷 Eq. 6.2

From Dingman (2008) – Chapter 2 & 6

https://www.fs.fed.us/rm/pubs/rmrs_gtr074.pdf


Fluid Resistance

• Internal resistance occurs in flows
from viscosity and/or changes in
velocity

𝜈𝜈=𝜇𝜇
𝜌𝜌

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Reynolds Number

𝑅𝑅𝑅𝑅 ≡ 𝜌𝜌�𝑌𝑌�𝑈𝑈
𝜇𝜇

= 𝑌𝑌�𝑈𝑈
𝜈𝜈

Ratio of ‘inertial forces’ to viscous 
forces

𝑅𝑅𝑅𝑅 < 500

𝑅𝑅𝑅𝑅 > 2000



Viscosity
• Two Types

• Coefficient of Viscosity
• Kinematic Viscosity:

@ 1 atm & 20° C

From White (1999) – ‘Fluid Mechanics’ 

𝜈𝜈=𝜇𝜇
𝜌𝜌

𝜇𝜇

𝜏𝜏 = 𝜇𝜇 �
𝑑𝑑𝑢𝑢
𝑑𝑑𝑦𝑦

http://www.youtube.com/wa
tch?v=vNzTYzjLgKE

http://www.youtube.com/watch?v=vNzTYzjLgKE


Froude Number  - Free Surface Reistance

• What are Dimensions?

𝐹𝐹𝐹𝐹 ≡
𝑈𝑈

𝑔𝑔 � 𝑌𝑌 �𝑡 2

Ratio of velocity to  
Celerity (𝐶𝐶𝑔𝑔𝑤𝑤 = 𝑔𝑔 � 𝑌𝑌)

[LT-1]

[LT-2 L]1/2

[LT-2 L]1/2 =LT-1



What does this ratio mean physically?

• If 𝐹𝐹𝐹𝐹 < 1, flow is subcritical
• Meaning that the celerity is > then the velocity; ∴

waves can propagate upstream

• If 𝐹𝐹𝐹𝐹 = 1, flow is critical
• Meaning that the celerity is = velocity (rare transitional 

point)

• If 𝐹𝐹𝐹𝐹 > 1, flow is supercritical
• Meaning that the celerity is < then the velocity; ∴

waves cannot propagate upstream

𝐹𝐹𝐹𝐹 ≡
𝑈𝑈

𝑔𝑔 � 𝑌𝑌 �𝑡 2



The Kitchen Sink – Froude Numbers



The Hydraulic Jump
• Transition from supercritical flow to 

subcritical flow is a hydraulic jump
• For a hydraulic jump to occur, there 

has to be a transition from 
subcritical to supercritical flow!

Characterized by:
• Development of 

large-scale 
turbulence

• Surface waves
• Spray
• Energy dissipation
• Air entrainment
• River can not 

maintain 
supercritical state 
over too long a 
distance…

https://youtu.be/v5gXfyViGIE

https://youtu.be/v5gXfyViGIE


Hydraulic Jump Types…

From Dingman (2008), Chapter 10 & Chanson 
(2004) 



Why can you surf in a river?

• Explain it in terms of Froude Number…
• Which way is water going? (kayakers can’t answer!)
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Manning’s Equation
• He reviewed lots of field & lab research based on Chézy

equation & used an empirical formula that best fit the 
experimental results

Irish Engineer: Robert 
Manning (1816-1897)

𝑈𝑈 =
1
𝑛𝑛
� 𝑅𝑅 ⁄2 3 � 𝑆𝑆 ⁄𝑡 2

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Manning’s n Component Method



Vegetative Flow Resistance at Different Stages

• Different riverscape surfaces provide continuum of water availability, 
vegetation type and roughness

0.025 < n > 0.050

0.025 < n > 0.035

0.040 < n > 0.080

0.080 n > 0.200

Does not Flood

Fryirs & Brierley (2013)
DOI: 10.1002/9781118305454

http://dx.doi.org/10.1002/9781118305454


Stage Dependence of Roughness

From Manners et al. (2013)

DOI: 10.1029/2011jf002188

http://doi.org/10.1029/2011jf002188


Remember this?

• Stream power 
changes as you move 
downstream

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆

https://extension.umass.edu/riversmart/sites/extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf


O’Brien et al. (2017) DOI: 
10.1080/17445647.2017.1313787

https://dx.doi.org/10.1080/17445647.2017.1313787
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What is a 1D model output?
• Water surface profile… from 

which you get:
• Depth
• And can back out velocity

• Cross-sectionally averaged…
• Solved typically using a

conservation of energy
formulation (step-backwater)

• Very sensitive to roughness



1.5 D Solution
• If you have topographic surface… Flood the 1D 

solution perpendicular to channel…



What is a 2D vs. 3D model output?
• Same inputs
• Similar map view
• But…

• Less sensitive to
roughness

• 3D more difficult to 
validate

From MacWilliams et al. (2006)

DOI: 10.1029/2005WR004391

http://doi.org/10.1029/2005WR004391


Hydraulics – Impelling & Resisting Forces in 
River Systems

I. Intro
II. Mechanics of Fluid Flow
III. Impelling Forces in River Channels
IV. Resisting Forces in Channels
V. Balance of Impelling & Resisting Forces Along 

Long Profiles
VI. Hydraulic Models



Key Messages

Ω = 𝜌𝜌 � 𝑔𝑔 � 𝑄𝑄𝑤𝑤� 𝑆𝑆

𝜏𝜏 = 𝜌𝜌 � 𝑔𝑔 � 𝑅𝑅 � 𝑆𝑆

𝑈𝑈 =
1
𝑛𝑛
� 𝑅𝑅 ⁄2 3 � 𝑆𝑆 ⁄𝑡 2

𝑅𝑅𝑅𝑅 ≡ 𝑌𝑌�𝑈𝑈
𝜈𝜈

𝐹𝐹𝐹𝐹 ≡
𝑈𝑈

𝑔𝑔 � 𝑌𝑌 �𝑡 2

https://extension.umass.edu/riversmart/sites/extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf


Reading The River… vs. The Riverscape? 

• Hydraulics matter!
• Whether you’re a:

• Fly fishermen,
• A whitewater kayaker
• Or a fluvial geomorphologist



Hydraulics Homework Assignment
• Go to a local stream or river with flowing water
• Provide a Location Map
• Provide a Field Map Sketch (Planform) – Denote on it where you record remaining 

observations
• Take some oblique photos of the channel and annotate:

• Arrows representing flow direction (magnitude by length)
• Find examples of

• Convergent flow
• Divergent flow
• Uniform flow
• Flow Separation, Flow Seam, Reattachment Zone, Shear Zone Type (Eddy vs. Wake)

• Use Table 5.1 to identify surface flow-types you see present
• Estimate the discharge in the channel (what is average depth? What is average 

velocity (use orange peel method)? What is flow width? Q=VA)
• Draw a rough cross section (use approximate scale, no –need to wade in channel) 
• Find at least one example of a hydraulic jump 

• Record video and identify
• the upstream subcritical flow
• The transition to supercritical flow
• The hydraulic jump itself
• The downstream subcritical flow


	WATS 5150 – Fluvial Geomorphology�Hydraulics
	Reading for this Module
	Hydraulics – Impelling & Resisting Forces in River Systems
	When Runoff Accumulates in a Channel…
	Definitions Always Help to Start
	Hydraulics Is Not… But Depends On
	The Basics… Physics of Rivers
	Physics Refresher…
	Lane’s Balance -  Conceptual Model of “Work”
	That work... Well 3 of these are geomorphic work
	What is difference between net & total?
	Slide Number 12
	Forms of Adjustment to Channel Shape
	Ways a River Can Adjust Locally – Do Work
	Exner Equation
	Turns out… Biology Matters Too!
	Hydraulics – Impelling & Resisting Forces in River Systems
	Fluid Mechanics
	Flow Motion & Velocity Profiles
	Velocity Patterns & Profiles
	No Slip & Those Pesky Hydrogen Bonds
	Viscosity
	What is a velocity profile?
	How Do I Measure A Velocity Profile?
	Definitions of Uniform & Steady Flow
	Uniform vs. Non-Uniform Flow
	FOUR MAIN FLOW TYPES
	Equations of Motion
	Governing Equations of Fluid Flow
	Flow “Structures”
	Density
	Hydraulics – Impelling & Resisting Forces in River Systems
	Stream Power & Shear Stress
	Stream Power�Total (Ω), Specific (𝜔) & Critical
	Reach Slope
	Q2 Stream Power
	Remember this?
	Shear Stress
	Critical Shear Stress
	Shear Stress – Straight Forward to Model…
	Hydraulics – Impelling & Resisting Forces in River Systems
	Resisting Forces
	Valley Scale Resistance
	Channel-Scale Resistance
	When Roughness Elements are Big Enough..
	Reading Water (i.e. Hydraulics) Helps You Navigate Safely…
	Differentiating Structural Elements
	Many Flavors… Make Hydraulics More Interesting
	As a boater, Identifying Structural Elements Is Critical! Rio Ara – Above Broto
	Position of Structural Elements Controls Response
	If you can measure mean flow velocity…
	Boundary Resistance – Grain & Form
	Typical Roughness Height  𝑦 𝑟  Estimate
	Fluid Resistance
	Reynolds Number
	Viscosity
	Froude Number  - Free Surface Reistance
	What does this ratio mean physically?
	The Kitchen Sink – Froude Numbers
	The Hydraulic Jump
	Hydraulic Jump Types…
	Why can you surf in a river?
	Hydraulics – Impelling & Resisting Forces in River Systems
	Manning’s Equation
	Manning’s n Component Method
	Vegetative Flow Resistance at Different Stages
	Stage Dependence of Roughness
	Remember this?
	Slide Number 69
	Hydraulics – Impelling & Resisting Forces in River Systems
	What is a 1D model output?
	1.5 D Solution
	What is a 2D vs. 3D model output?
	Hydraulics – Impelling & Resisting Forces in River Systems
	Key Messages
	Reading The River… vs. The Riverscape? 
	Hydraulics Homework Assignment

