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Rivers & Streams
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Rivers and streams are but a link in the global cycle of water,
called the hydrological cycle.

Approximately half of the solar energy striking the earth's surface is estimated to be
consumed by the latent heat necessary to convert liquid water into water vapor, either
through evaporation (mostly over the oceans) or through transpiration (mostly of plant
leaves). The combination of these two processes, together called evapotranspiration,
consumes an enormous amount of energy, about 4000 times the present rate of
human energy consumption, and corresponds to the annual removal of a one-meter
thick layer of water around the entire globe.

In the hydrologic cycle woter moves constantly batween aguatic, and torrestrial drivan by solar anargy and gravity,

(From Cunningham & Saigo, 1067)
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The hydrological cycle on earth. Flows are expressed in 10% km3/year
(from Masters, 1997, based on earlier estimates)

Note how numbers vary from the preceding slide.

Of all the links in the hydrological cycle, rivers have traditionally been the greatest
environmental victims, for the simple reason that their network extends over large
continental areas and, consequently, there is almost always a river or stream in the
proximity of human activities.

Furthermore, with the long-held belief that rivers were self-cleaning (and a hefty dose of
“out of sight -- out of mind” and “the solution to pollution is dilution™), people felt relatively
free to dump their wastes into the nearest body of moving water. This went on for centuries,
until the industrial revolution when the population in cities grew rapidly and industrial wastes
began to compound the effects of domestic and agricultural wastes.

Eventually, problems of water-related diseases (such as cholera), dubious colors, foul odors
and fish kills became too obvious to be ignored.

Nowadays, the substances that harm rivers and streams are well known; the chief culprits
are:
» pathogens (disease-causing viruses and bacteria),
» any organic substance the decay of which is accompanied
by a depletion of dissolved oxygen (such as untreated sewage),
» nutrients (such as phosphorus and nitrogen, which cause unwanted algal growth),
» heavy metals,
» pesticides, and
» volatile organic compounds [VOCs, such as trichloroethylene (TCE)].




Rivers & Streams

Morphology
Physics

Pollution point sources

Pollution distributed sources

Nature of pollution

Narrow and shallow

Downslope, unidirectional gravity flow
Seasonal variations in flow rate

Much turbulence

Municipal & industrial discharge pipes
Agricultural runoff along banks
Sedimentation — resuspension along the way
Heavy metals; Nutrients (Phosphorus)
Oxygen-depleting substances (BOD)

Lakes & Reservoirs

Morphology
Physics

Pollution point sources
Pollution distributed sources

Nature of pollution

Wide, shallow or deep

Wind-driven currents and waves
Seiches (external & internal)
Seasonal stratification and convection

River inflow, discharge pipes
Precipitation, agricultural run-off

Nutrients (Phosphorus); Acidity

Estuaries & Coastal Ocean

Morphology
Physics

Pollution sources

Nature of pollution

Widening and shallow

Downslope gravity flow of river
Density-driven saline intrusion; Tides

River inflow, coastal plumes

Heavy metals

Excessive nutrients (Nitrogen)

Major categories of water

. Radioactive

)

. Sediment
. Plant

[}

Pesticides, plastics,
detergents, oil,

and gasoline

Acids, caustics,
salts, metals

chemicals

Uranium, thorium,
cesium, iodine,
radon

materials

Causes ecosystem disruption

Soil, silt

Nitrates, phosphates
nutrients

Oxygen- Animal manure and
demanding plant residues
wastes

Thermal Heat

pollutants
(according to Cunningham & Saigo, 1997)
Category Examples Sources
A. Causes health problems
1. Infectious Bacteria, viruses, Human excreta
agents parasiles

Industrial and farm
use

Industrial effluents,
household cleansers,
surface runoff

Mining and
processing of ores,
power plants,
weapons production,
natural sources

Land erosion

Agricultural and ur-
ban fertilizers,
SEWAZe, manure

Sewage, agricultural
runoff, paper mills,
food processing

Power plants, indus-
trial cooling




Basic Hydraulics

River flow is driven by gravity: water goes downhill. So, there is a clear relationship
between water velocity and bottom slope. Because rivers have rough bottoms and
relatively fast currents, their flow is almost always turbulent, even though the casual
observer may not realize that it is so. Ground friction retards the flow near the bottom and
creates a velocity shear in the vertical, producing “tumbling” eddies as depicted below.

surface

bottom

The eddy rotation is mostly about a horizontal axis transverse to the main direction of
the flow, with the largest vortices having therefore a length scale equal to the depth of

the water: d_,. =H.

What is the value of the eddy orbital velocity U. ?

—— Newton’s second law:
/ g
P .
— \1 mass x acceleration = force
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eddy turnaround time

T}, bottom stress
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Define the so-called friction velocity: U= |—




Budget for a stretch dx of river

A= Area W = Width h = max depth

P = wetted Perimeter S = Slope =sin @

Balance of forces in the downstream direction
for a short stretch dx of channel

In the absence of acceleration, that is, for uniform downhill flow:

mass x gravity = frictional force
P Aa?( xgS =1, P‘\”&

Solve this equation for the bottom stress 7 :

A
b =ngS:pthS

A
inwhich R, = P is called the hydraulic radius.




Hydraulic radius

) , A
The hydraulic radius R, = B

is the ratio of channel cross-sectional area A to the wetted perimeter P.

For a rectangular channe: A=WH andP=H+W+H=W + 2H.

Thus,

~ WH
W +2H

h

W

Most often, the width of a river is much longer than its depth (W >> H), and we have

WH
R,=——=H
"TW+2H

R, = H holds for all channels that are much wider than they are deep.

Like for a bicycle wheel,

the forward velocity U is proportional to
the orbital velocity U . Thus,

This formula is due to Antoine de Chézy (1718-1798), a French hydraulic engineer who
designed a canal uniting the Seine and Rhéne Rivers, as well an early sewer system for
the city of Paris.

C is called the Chézy coefficient.




After Chézy came Robert Manning, a French-born Irish engineer
(1816-1897), who found that the Chézy coefficient is not constant
but depends weakly on the hydraulic radius. He proposed:

C+R!

which leads to the replacement of the Chézy formula by the more accurate

Manning formula:

_ 1
0 =7Rﬁ/3 g2
n

Note that this formula is not dimensionally consistent. It works only for a particular

choice of units, namely:

Hydraulic radius R, in meters
Slope S in meters of vertical drop per meter of river distance
— mean flow velocity U in meters per second.

Sample values of the
Manning roughness coefficient

For sample values of Manning’s
roughness values, see:

http://wwwrcamnl.wr.usgs.gov/
sws/fieldmethods/Indirects/
nvalues/index.htm

Channel type n
Cement smooth slabs 0.012
finished 0.014
unfinished 0.014
bottom sand ripples 0.018
very rough 0.020
Asphalt 0.016
Excavated channel clay loam 0.018
gravel 0.025
weeds 0.030
cobbles 0.030
stones 0.035
Natural channel cobblestone bed 0.030
irregular edges 0.035
major rivers 0.035
rocky edges 0.040
sluggish, with pools 0.040
variable section 0.040
irregular, with rocks 0.045
very irregular, with trees 0.060
Flood plains pasture, farmland 0.035
light brush 0.050
floodway channel 0.125
trees, obstructions 0.150




Determination of water speed and depth from discharge for a given channel

Given:
- Bed slope S and roughness n
- Channel geometry (width if rectangular
or cross-sectional area as function of water level)
- Discharge Q (in m3/s)
Question:

How does the stream partition its Q in terms of water speed U and water depth H?

Answer for a wide-shallow channel (taking R, = H):

Q=UuA=UWH

1

_IWH5/381/2 H— nQ o
U=%Rﬁ/35”2=ﬁ Q=4 -ons

W+/s

o-3fos)

HZ/}sl/Z

The enigma of Roman water engineers

Roman engineers had no
conception of time at the scale of
the minute and second. So, they
had no quantitative concept of
water velocity and dealt only with
water depths.

So, how were they able to build
properly designed sewers and
aqueducts?

Segovia, Spain




Answer

The Romans were lucky because velocity is
intimately related to water depth, and water depth
could then be used as the only variable.

It also helped that water depth happens to be the
more sensitive function of discharge among the
two variables.

Because they are much longer than they are wide, and much wider than they
are deep, rivers and streams are very anisotropic.

Thus,

Longitudinal diffusion (in downstream, X-direction)
>>

Transverse diffusion (from bank to bank, in y-direction)
>>
Vertical diffusion (from surface to bottom, in z-direction) RIVER

MIXING

J. C. Rutherford

Mathematically, we expect:

Dlongitudinal >> Dtransverse >> Dvertical

D, >>D, >>D,




Vertical Diffusion

Vertical mixing is accomplished by rolling eddies with horizontal transverse axes.

surface

M‘_‘_"“'H\q__,‘_‘

bottom

The maximum eddy diameter is naturally the water depth, H, while the typical orbital
velocity associated with these eddies is the friction velocity U-.

Empirical evidence provides:

D, =0.067u. H Recall: U, =+/gR,S = /gHS

D

vertical

Distance for nearly complete mixing in the vertical

2
A _poH
U,

Time for complete mixing in the vertical is teica = 0134
(assuming release at mid-depth) Vertical

Replacing time by traveled distance at the average speed:

_ u
Xvenical =u tvenical = 207 H

If release occurs at surface or along the bottom, multiply this value by 4.

10



Transverse Diffusion

R. Rhine

Acrial view of the Rhine-Aare confluence during the tracer experiment July 1989
(photo H. Asch den, Landeshydrologie und logie, Bern, Switzerland)

(from A. van Mazijk, One-dimensional approach of transport phenemena of dissolved
matter in rivers, Delft University of technology, Sept. 1996)

Transverse diffusion is mostly accomplished by side-to-side eddies, but these tend to
exhibit diameters on the order of the depth H rather than the width W of the stream.

Empirical evidence suggests (big error bars here!)

D,

=D, =0.15u.H

transverse

(Note: Significantly greater than D =D, =0.067u.H)

vertical

11



Distance for nearly complete mixing in the transverse (cross-channel) direction

w? w?
Time for complete mixing in the verticalis  t_  =0.536——=3.6——
(assuming release from the side) D ansverse u.H

Replacing time by traveled distance at the average speed:

2
=t w2

Xlransverse

—364
u

transverse
. H

Note: This is generally a fairly long distance along the river because it depends on
the square of the width W.

This spectacular picture shows the joining of three different rivers. The Danube,
with very high particulate concentration, on the left joins with the two rivers on the
right. The larger of the two rivers carries a higher particulate load, thus the darkest
(cleanest) smallest river is also visible. Notice how sharp the boundaries are

separating the various river flows.
(Source: http://www.ifh.uni-karlsruhe.de/lehre/envflu_l/Related_resources/photos.htm)
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Example of transverse
diffusion with dye release

Source:

Prof. Scott A. Socolofsky, Texas A&M University
(http://ceprofs.tamu.edu/ssocolofsky/cven489/)

On a smaller scale

Acid mine drainage from Cement Creek (left) mixes with the waters of the
Animas River, Colorado (right) in 1997. Chemical reactions creating the
yellow and orange colloids in this mixing zone affect the transport of

contaminants down the Animas River.
(Source: http://toxics.usgs.gov/photo_gallery/aml_all.html)
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Longitudinal (downstream) diffusion

Center of mass at
times t,, lz- ty

Concentration

Longitudinal Dispersion — Case Study: The Hudson River
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FIGURE 4. Distributions of SF; along the main axis of the tidal Hudson
River. Solid lines in (B) and (C) are Gaussian fits to the data. SF;
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upstream of the peak are plotted as positive numbers.

Figure 3. Location of the peak SFs concentration
vs. time, indicating a nearly constant
advective rate of 9 km d’’.
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Longitudinal diffusion arises chiefly because of shear dispersion:
The combination of vertical shear in the water speed U(z) and vertical diffusion D,
combine to create a relatively large longitudinal diffusivity D, .

A fair representation of the vertical velocity profile in a stream is:

1/7 1/7
uo=u,. 2] =Sd 2
surface H 7 H

The velocity shear is then

u'(z)=u(z)—-u

1/7
8(z
=u|—|—| -1
7\H
And the cumulated shear is

U(z) =ﬁ‘[j u'(z"dz'

ey
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We are now in a position to calculate the effective longitudinal diffusivity:

D D, =

longitudinal =Yk

jH 0*(z)dz
'

2

T oz

<

=0.0197

Shear dispersion in the transverse direction is also operative. The effective diffusivity
to which it leads is

uw?

2nd formula
UH

D D, =0.011

longitudinal =

Rule: Calculate both and select the highest value among the two.

Example

An industrial plant discharges a conservative substance at one point along the side of a
straight river, which is 2-m deep, 50-m wide and has a 0.02% slope.

What is the downstream distance where the pollutant begins to affect the opposite side?

To answer this question, we must first calculate the hydraulic radius:

_A_ L mEom) e
"TP @2m)+(50m)+(2m)

From it, we can determine the friction velocity:

U, =/gR,S =~/(9.81m/s>)(1.85m)(2x10™*)
=0.0603m/s=6.03cm/s

Using the generic value for the Manning coefficient (n = 0.035), we can estimate the
mean velocity:

—_ 1 2/31/2 1 2/3 —451/2
T=—R¥S"2 = (1.85)**(2x10
n " 0.035( ) )
=0.61m/s

17



The transverse diffusivity is given by:

D =0.15u.H

= (0.15)(0.0603m/s)(2m) = 0.0181 m’ /.

transverse

By considering one-sided diffusion (from one bank of the river to the opposite side,
rather than from middle to both sides), we estimate the width of the pollutant at 2.
It is equal to the river width W at time t such that

2
W=20-22D. .1 — t=—  _172805=4.80hrs.
transverse

Since time traveled becomes distance down the river, we can estimate the
downstream distance for such spreading:

Xx=Ut=(0.61m/s)(17,280s)=10,530 m=10.53 km

Note that this is only the distance for the pollution to start being felt along the opposite
bank. The pollutant is still not completely mixed, with higher concentration on the side
of the discharge and lower concentration on the opposite side.

The distance over which complete transverse mixing is

. 2 2
_36 U W 5 cQOOIM/SEOM)” _ s gy

X .
u. H (0.0603m/s)(2m)

transverse

For a recapitulation of the various formulas for hydraulics and river dispersion,
see handout on course’s website, at:

http://thayer.dartmouth.edu/~cushman/courses/engs43/handouts.html

18



Modeling of dispersion in the Rhine River near Karlsruhe (Germany)

Karlsruhe

Figure 15, River Rhing in the vicinity of the discharge.

Section of Rhine River
simulated with the
computer model

(Rodi, W., Pavlovic, R. N., and
Srivatsa, S. K., 1981. Prediction
of flow and pollutant spreading in
rivers, in H. B. Fischer, ed.,
Transport Models for Inland and
Coastal Waters. Academic Press,
New York.)

Figure 18, The simulated pant of the River Rhine
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Slight complication

water level in winter

water level in summer

idealized
surface discharge actual
at edge discharge discharge idealized

as line source off edge

Figure 19, Idealization of discharge,

In winter, when the water level is higher, the discharge is flooded and no longer appears to
be at the river’s edge but some submerged distance away from it.
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Pragictions :
— — dischaige at wdge
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Rhine, Case 1
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Temgersture distribulion in the near field of the cooling-wwier discharge into the
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