Watershed Sciences 6900
FLUVIAL HYDRAULICS & ECOHYDRAULICS

WEEK Four — Lecture 6
VELOCITY DISTRIBUTION

Joe Wheaton
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FOR TODAY, YOU SHOULD HAVE READ...

Assignments >
Reading for Tuesday, February 1st

posted Jan 29, 2011 10:37 AM by Joseph Wheaton

What you should Read v
INDRALES

Lecture on Tuesday will cover Chapter 5, on "Velocity Distributions’. You should read the entire .../

chapter. §5.1 is a review of previous material, so | will skip that in lecture and assume you are S

%
competent with regard to vertical force profiles in uniform flows. You should focus the rest of your &2 ﬁ;
reading on the topics we are covering in lecture (below), but please do vote in the poll for what topic ‘%
you'd like to cover that are not planned

What we Will Cover in Lecture

In lecture, we will focus on:

+ Velocity Profile in Laminar Flows (§5.2)

» Velocity Profile in Turbulent Flows (§5.3) covering:
o Most of §5.3.1 (The Prandtlwn Karman Velocity Profile)
o Brief mention of §5.3.2 (The Velocity-Defect Law)
o Power Law Profiles (§5.3.3)

* Observed Velocity (vertical) Distributions (§5.4.2)

PLEASE vote on our poll on the forum by Monday aftemoon to determine what additional topics we might cover in
the last 10 minutes of lecture
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LET'S GET ON WITH IT...

Tuesday Reading - Veolocity Profiles
POSTREPLY & 4, Search this topic Search

) you want more help on in lecture:

85.1- Vi

I Farce Profit
85.3.4 - Hyperbolic-Tangent

§5.2.5 - Other
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TODAY'’S PLAN

VELOCITY DISTRIBUTIONS

I.  Velocity Profile in Laminar Flows

Il.  Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il.  Velocity Defect Law
I1l. Power Law Profiles

I11. Observed Velocity Distributions

From Chanson (2004)
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VELOCITY DISTRIBUTIONS

chapters have discussed the velocity of individual fluid elements (point
ities), denoted as i, uy, u;, and the average velocity through a stream cross
jon, denoted as U/. The main objective of the present chapter is to explore the
ection between point velocities and cross-section average velocity by developing
shysically sound quantitative descriptions of the distribution of velocity in cross

SHowever, there has been little research on the distribution of velocities in entire
i section, so most of the discussion here will be devoted to velocity profiles:

Most of discussion limited to vertical velocity profiles...

The velocity profile is the relation between downstream-directed velocity
iufy) and normal distance above the bottom, y.!

omple FD veloeity E

© profiling, bathymetric \‘\ -
measurement, and S
discharge calculation as \
you transect the channel

WHY DO WE CARE?

= Basis for formulating expressions of flow
resistance

Isovals inm s




WHAT IS A VELOCITY PROFILE?

= A mathematical function for velocity -
as a function of depth (or height {

above bed): u(y) =? e
Is this a l o

velocity
profile?

1 Yw
Vo =5+ | u0)-dy
w JOo

* U, - Local average ‘vertical’
velocity
A » U- Average cross section
U=-—- f U,(w)-dA(w) velocity
0 e Y, - Local Depth
* A- Cross Sectional Area
* w- Water surface width
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HOW DO I MEASURE A VELOCITY PROFILE?

You take a bunch
of points...

Say every few
centimeters?

05 T T T
[u/0.076=5.75Log(30.22/0.284 1
04 | R2=0.989 1

03 -1

02| -

0 04 08 12 16

Velocity (ms™)

Elevation above bed (m)

o
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BOUNDARY SHEAR STRESS DISTRIBUTION...

Depth-Slope Product: Boundary
Shear Stress:

To =YY, - sinbs

Linear shear stress relationship for both
laminar & turbulent flow:

-
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TODAY'’S PLAN

VELOCITY DISTRIBUTIONS

I. Velocity Profile in Laminar Flows

Il.  Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il.  Velocity Defect Law
I1l. Power Law Profiles

I11. Observed Velocity Distributions

From Chanson (2004)
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LAMINAR FLOW - PROFILE

y2

u(y)=£- Yoy —= | sinf

2

(TR 2)
To visualize this distribution, we can first use equation 5.11 to calculate the velocity

at the surface, u(Y.):

¥
u(¥,) ( }--mlw (5.12)

Then we can plot the dimensionless relative velocity w(y)/u(¥,) versus relative
distance above the bottom, y/Y.,. in figure 5.3, where from equation 5.11 and 5.12,
u(y)
u(Yyy)

(5.13)
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Figure 5.3 Relative velocity u(y)/u(Y.) as a function of relative distance above the ot
¥/ Y., for laminar open-channel flows fequation 5.13).
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WHAT’S HE TELLING US?

e Average vertical
velocity

Average “Vertical” Velocity

ge local “vertical” velocity of a wide
futing equation 5.11 into 3

inar flow, U,, is given by

aluating that expression leads to
¥ 2

Uy :( -—) Y, - sinfg, (5.14)

En

and integrating:

tecall from scction 3.4.2 that laminar flow only occurs when the Reynolds number,
ji81css than S00, where

Re (5.15)
i 2
Substitute 5.14 into 5.15 and recall that v= j/p and y = P g, we arrive at
g b
Re= 32 (5.16)
if Re = 500, the limiting value for laminar flow, we have
Yis ( 1500-v2'"
w= \5-5in 05 . (5.17)

use equation 5.17 to find the maximum depth for which

fied slope; this relation is shown in figure 5.4. Note
ery low slopes ( king lots), this depth is in the
filliopes, for which typically sin

a flow will be laminar
even for surfaces

P en

ter range; for
0.01. the maximum depth is in the millimeter
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sin 0,

Figure 5.4 Maximum depth at which laminar flow occurs as a function of slope (equ
tion 5.17). Kinematic viscosity is assuming a water temperature of 10°C.
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TODAY'’S PLAN

VELOCITY DISTRIBUTIONS

I. Velocity Profile in Laminar Flows

I1. Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il. Velocity Defect Law
I1l. Power Law Profiles

I1l. Observed Velocity Distributions

From Chanson (2004)
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SO IN TURBULENT FLOWS....

e It's most commonly i | BEi
treated with the ‘Law T
of the Wall’ (i.e. /
Prandtl von Karman) | | ey )/ e

- For practical S /j ”f
purposes... it is very - =

.00E-06
1.006-02 1.00E-01 1.00E+00 1.00E+01
Velocity, u (y) (m/s)

e 5.6 Velocity structure in a turbulent boundary-layer flow. The heavy line is the actual
the top of the buffer layer y;, to the surface; the
See text for detailed explanation.

difficult to measure
the viscous sublayer — [fme e s
in natural streams n—— H
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WHAT DOES IT MEAN?
— , A

Prandtl-von Karmdn law;
5 Jurbulent|
equation (5.21) fow

e In log-log space, a
straight line means?

e The profile is
logarimthmic...

Laminar-flow law;
equation (5.11) Buffer

______ 7c‘ = =
v Viscous
- (Laminar
/’ - flow)
b [ —— Yo

| 00E-06
b 1.00E-02 1.00E-01 1.00E+00 1.00E+01
Velocity, u (y) (m/s)

er flow. The heavy line is the actual
p of the buffer layer v, to the surface; the

figure 5.6 Velocity stru
gocity profile. The P-vK.

pinar profile applies frc t for detailed explanation.

03 04 05 06
«p)/Y,)

xxxxxxx
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BERPATFON OF Prandtl-von Karman (P-vK)

e Starting with equations 3.40a & 5.6 (in sections
you will have read but we did not cover...

e Bunch of math magic...

0 =(2) (g, - sing)z-in (2
u) ={~] (g Yy - sinbs nyo

e Where you know everything... except k
e
n — * Inpractice k =0.4
e Canrange from 0.2 to
0.4

UtahStateUniversity
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SHEAR VELOCITY (FRICTION VELOCITY)

O =(2) (g, - sing)z - in (2
u@) =\ (g Yy sinbs ny0

5.3.1.3 Shear Velocity (Friction Velocity)

The quantity (- ¥, -sinfis)'/? in equation 5.21 has the dimensions of a velocity. This y
quantity is called the shear velocity, or friction velocity, designated u,

1
s b =(=)-u - In|=
s u(y) p u, - In

of wrbulent velocity fluctuations. T yO
m equa ar stress at a height y above the bedia

=(g-F,

Wy isn

ge turbulent velocity fluctuations as
wy) = —p- it (W) iy (), (525

erage fluctuations in the x- and y-directions
e 3.31 that the magnitudes of these fluctuation
in write

Uy = —kye - p- [t ()" (5.26)

where ky, is the proportionality constant. Now, noting equation 5.7, we see that
w0\
k= ( ] (.20

=Pty (5270

Comparing equation 5.27 with 5.26, we see that in turbulent flows u, and 7o &

and

stress. She:
terms, whel expres

elocity 1, expresses these physical quantities in kinematic (veloci)

them in dynamic (force) terms. Also note that u, canle

ic near-bed velocity in a turbulent flow

thought of as a ¢

FLUVIAL
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RELATIVE VELOCITY PROFILE
(DIMENSIONLESS)

0.1 0.2 0.3 04 0.5 0.6
u(y)/u(Y,)

5.5 Relative velocity u(y)/u(¥,) as a function ibove the bottom,

@ given by the Prandtl-von Kérmdn universal ve cquation 5.21) for

open-channel flow with a depth ¥,, = Im and a slope s 0.001

UtahStateUniversity

ROUGNESS REYNOLDS NUMBER

Recall:
Re = (212)= (49

Let thickness of the sublayer y, be the characteristic
length... Then, the boundary Reynolds number (or
roughness Re) is:

Experiments have shown that Re,, :
e Smooth: Re, > 5

e Transitional: 5 > Re, > 70

e Rough: Re, >70

10



WHAT IT ALL BOILS DOWN TO...

5.3.1.8 The P-vK Law: Summary

ize the discussions of sections 5.3.1.2-5.3.1.7, we use equations 5.24 and
0 write the P-vK law in the forms that we will usvally apply it:

Smooth flows, Re;,

Q-uy-y
w(y)=2.50-u, iu( — ) (5.34a)
v

Rough flows, Rey,

30y 3
u(y) =2.50-u, Iu( - - ) (5.34b)
Vr

WNote that these are mathematically equivalent 10 Smooth flows, Rep < 5:

1Y) . & Uy . <1
202250 -1 (=2) +549=576 -log(—2) +5.49; (5340
e \ v
Rough flows, Rey,
20 250 (2 ) +8.50=5.6 |n_u( 2 ) +8.50; (5.34d)
u, ¥r Vr

the P-vK law may be written in any of these forms

FLUVIAL HYDRAULICS

AVERAGE VERTICAL VELOCITY (TURBULENT FLOW)

192 FLUVIAL HYDRAULICS
and

e Starting with a definition of the fmor-ap= o=,

average vertical velocity, derived 7)[() wa(2)en] ol
by integration P-vK law over its e o s e i
range of validity (i.e. above the =250 () 1], o

This expression for the local mean “vertical™ velocity in a wrbulent fow can b

to p of th e b uffe r ZO n e : used to solve a practical problem—the measurement of discharge through 4 stres

cross section. Recall that discharge 0 is

O=U-Y-W, S35

where U is average eross-section velc Y rass-section depth, il

1 Y W is water-surface width. The velocity-area method of discharge measurcmes
y (deseribed in se 5.3.1) involves dividing the cross section into / subscdioe

Upy=o——-| 2500 u,-In(=)-dy =i

i Wi, (339

he local velocities and depths U, and ¥, respectively
2, ...,/ and W, is the width of subsection i. Measuremet
of depth and width for each subsection is st forward, but since velocity vans
vertically, there is the problem of how to det an average without measuig
velocity at 4 large number of heights at each subsection

This problem is solved by noting that the actual velocity w(y) must equal B8

where U; and ¥; ar

successive points

the facts that average value U,, at some height
¥ Uy =250, 1o 64
In| — | =In(y)—In(yo) ;
Vo and equating this (o equation 5.36b gives
(hy ¥ ¥,
250-u, |n(5’ 4 )—zsn u [m(f [t
o It
The value of kyy can be found from equation 5.40 as
ky = - = 0368 (s

e

where ¢ =2.718 al logarithms




PRACTICAL UTILITY OF P-VK LAW

i |
e 0.368 = 0.4 L R
e The six-tenths e
ru Ie v L — l | / Local average
. . | / | “vleni_cal" s
e If velocity profile /
. i | / 0.4-Yw i
follows P-vK (i.e. | J{
. . ‘ ===
logarithmic) then | [ o 5 2% 2% 50 s
- Velocity, u(y) (m/s)
Can JUSt take One ire 5.10 P-vK velocity profile for a wrbulent flow with ¥,, = | m, showing velocity

giurement by current meter at six-tenths of the depth measured from the surface. According
pilhe P-vK law, the actual velocity u(y) equals the average velocity

measurement!

fisis the basis for the “six-tenths-depth rule” for measuring local ave rtical” velocity.

2basis for the six-tenths-depth rule used by the U.S. Geological Survey and others
fdischarge measurement:

the P-vK law applies, the average velocity U, at a point in a cross section is
found by measuring the velocity six-tenths of the total depth downward from
the surface, or four-tenths (= 0.368) of the depth above the bottom

ure 5.10).
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TODAY'’S PLAN

VELOCITY DISTRIBUTIONS

I. Velocity Profile in Laminar Flows

Il.  Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il. Velocity Defect Law
I1l. Power Law Profiles

I11. Observed Velocity Distributions

From Chanson (2004)
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THE VELOCITY-DEFECT LAW

e P-vK states 7 is constant
through flow boundary (wall);
this is known as the law of
the wall

e Far from the bed the velocity

gradient (Z—Z) does not

depend on viscosity (i) or bed |
roughness, but only on y(m)
dIStanCe from bed 5.12 Comparison of velocity profile:

tion 5.34) and the velocity-defect law ( quation 5.44). The average velocities

e |n this region' the velocity the two profiles are identical. The difference between the velocities given by the two
. . . folkes differs by less than 4% for y/Y,, > 0.15.
profile is the difference
between velocity at the
surface (u(Y,,)) and the u¥y) —uly) y
velocity at an arbitrary level u = fvp Y
. . *
(u(y)) and is only a function

iven by the P-vK law (dashed line,

w
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VELOCITY-DEFECT REARRANGED & APPLIED

Y
determined by experiment...

Y) —
u(Yy) u(y):fVD<Yl>

u, W

 The function f,p (1) is

» Daily & Harleman (1966), for -
> 0.15:

U, w

heregion near the boundary is not compelling. Furthermore, we saw that velacities

by the velocity-defect law do not differ greatly from the P-vK law (figure 5.12).

Y But: grefore, we can conclude that there is usually no need to invoke the velocity-defect
in preference to the P-vK law.

u(YW>—u<y)=_374_ln<l>
| Y,
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TODAY'’S PLAN

VELOCITY DISTRIBUTIONS

I.  Velocity Profile in Laminar Flows

II. Velocity Profile in Turbulent Flows
l. Prandtl von Karman Velocity Profile
Il.  Velocity Defect Law
I11. Power Law Profiles

I1l. Observed Velocity Distributions

From Chanson (2004)
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POWER-LAWS AS AN ALTERNATIVE...

e What is a power law?

— A polynomial relationship that exhibits scale
invariance and of the form: S

f(x) = ax*
- Can't do it for u(y), but can do it for u (l)

Yo

y mpy,
u(y) = kp ", (—)
PL y

0

e When integrated over depth...

() ()
U, =u,- i
mpy, + 1 Yo

FLUVIAL HYDRAULICS
L D DRA C
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TODAY’S PLAN
VELOCITY DISTRIBUTIONS

I. Velocity Profile in Laminar Flows

II. Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il. Velocity Defect Law
I1l. Power Law Profiles

111. Observed Velocity Distributions

From Chanson (2004)
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A BORING RECTANGULAR FLUME...
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SOMETHING MORE INTERESTING...

10 20 30 40 S0 6 70 80 9% 100 m
Figure 5.20 Isovels (cm/s) ina meander bend of the River Klariilven, Sweden, showing typical
pattern of highest velocities in deepest portion of the cross section leading to helicoidal

as shown in figure 5 21a. Note vertical e 1956); reproduced will
permission of Blackwell.

ration. From Sundbory

Point bar depasit

a)

b)

Figure 5.21 (a) Diagram of a meander bend (vertically exaggerated), showing lpr
ymmetry, helicoidal flow, point-bar deposition on inside of bend, and superclevation

ammatic plan view of successive meander bends showing trace of thread of maxi

velocity
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HOW GOOD IS Pv-K?

Jouemalof Wecogy (108 138, 207301

T
lauuel@i)nmx-!- i
Jouraat Ba mupagt i comtoasisfivdeat

Error propagation for velocity and shear
stress prediction using 2D models for
environmental management

Gregory B. Pasternac
Evan M. Buckland *

, Andrew T. Gilbert °, Joseph M. Wheaton *°,

* Department of Land, A, and Water Rescurces, Universiy of Califomio at Devis, 211 Meihmeyer Holl, Ore Shieids
Avere, Davis, G4 956166626, USA

* instituce of Geagraphy and Earth Sciences, Universty of Woles, Abenatwyth, Lisndingm Buliding, Pengials Compus,
Aberysteytn, Ceredigion SY23 308, Woles, U

Waler Depih (meiers)

Received  May 2005; received n revised form % November 2005; accepied 17 December 205

b
KEYWORDS Summary —
D sres; el probems. in s
20 modet; study. aenervatiom from
3 e wied o e in deeh,
Myt L
e 5 oporyaghi vy rescLian, which L 1 X per 1,141, s inbdoque to resclve
forthe 0 moces
such macets are
bscon
26-300
el o ¢
©2006 Bsevier 8. Al ghts reserved.

T Canmpanidng aitor. T
£mal i s o e et (G.B. Prtemack)

0 ad Bl

001218345 - e ¥ ratter © 1006 Dsevier B.¥. Al ights resrved
95:10:10187 ok 205,120

UtahStateUniversity

16



SOME EMPIRICAL DATA...

size class | size class 2 size class 3 size class U
05 T T T T T T T T T T T T T T T
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03 - 94 F < F 9q ¥ -
» ] ]
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TODAY’S PLAN
VELOCITY DISTRIBUTIONS

I. Velocity Profile in Laminar Flows

IlI. Velocity Profile in Turbulent Flows
I.  Prandtl von Karman Velocity Profile
Il. Velocity Defect Law
I1l. Power Law Profiles

I11. Observed Velocity Distributions

From Chanson (2004)
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READING/LAB

e I'll post this tonight... (Chapter 6 — Uniform Flow
& Flow Resistance)

e This week’s lab... more time to work through
Chapter 6

e Next week, get back to something more fun in
lab... flume experiment

FLUVIAL HYDRAULICS
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