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FOREWORD 

These notes were prepared f o r  an i l l u s t r a t e d  presenta t ion  t o  the  SIGMA 

associat ion,  which i s  a group o f  young engineers i n  the  Department o f  

Water A f f a i r s .  

The t i t l e  o f  the  presenta t ion  was t o  have been "Why c a n ' t  a  r i v e r  f l ow  i n  

a s t r a i g h t  l i n e  ?l1, b u t  i t  d i d  n o t  take me l ong  t o  r e a l i s e  t h a t  I would n o t  

be able t o  p rov ide  the  answer t o  the  quest ion o the r  than t o  demonstrate t h a t  

t h i s  i s  the  most u n l i k e l y  course t h a t  a r i v e r  w i l l  f o l l ow .  The t i t l e  o f  the  

t a l k  was accord ing ly  changed t o  "The W-W B i r d  and some unsolved problems i n  

r i v e r  f low" .  

Despi te t h e i r  l ack  o f  p o l i s h  I have reproduced the  notes i n  our  Technical 

Report se r i es  i n  the  b e l i e f  t h a t  t h i s  in fo rmal  and somewhat specu la t i ve  view 

on the  sub jec t  may be o f  w ider  i n t e r e s t  - p a r t i c u l a r l y  t o  those i n  o the r  

d i s c i p l i n e s  who have some i n t e r e s t  i n  r i v e r  behaviour. 

I have d e l i b e r a t e l y  reduced the  mathematical t reatment  t o  a minimum and 

s i m p l i f i e d  some o f  the  concepts. I have l i s t e d  the  authors, j ou rna l s  and 

pub1 i cat ions  t h a t  I consul t e d  i n  the  references. 

I must record  my apprec ia t ion  o f  the  many i n v i g o r a t i n g  discussions on t h i s  

sub jec t  t h a t  I have had over the  years w i t h  my col leagues i n  and o u t  o f  the 

Department o f  Water A f f a i r s .  I do n o t  name them f o r  f e a r  t h a t  they may 

wish t o  d i ssoc ia te  themselves from my views. 

W J R ALEXANDER 

P r e t o r i a  

February, 1979 
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Notes on 

SOME UNSOLVED PROBLEMS I N  R I V E R  FLOW 

by W J R Alexander 

1. A FEW QUOTES BY WAY OF INTRODUCTION 

1.1 "When you t r y  t o  explain the behaviour of water, remember t o  demonstrate 
the experiment f i r s t  and the  cause next." 

Leonardo da Vinci (c  1500) 

1 .2  "The science of conjecture,  o r  the s tochas t i c  science,  i s  defined as  the  
a r t  of est imating t o  the  b e s t  as  one can, the probabi l i ty  of things so  
t h a t  i n  our judging and act ing we may always choose o r  follow the  bes t ,  
the s a f e s t ,  the su res t ,  o r  the most soul-searching way: i n  t h i s  alone 
r e s t s a l l t h e  wisdom of a philosopher and a l l  the prudence of a 
po l i t i c i an . "  

JACOB BERNOULLI ( 17 13) 

"More than a hal f  century ago, when I was about 10 years o ld ,  I found 
g rea t  s a t i s f a c t i o n  i n  solving applied mathematical problems of the 
kind f i t t i n g  a normal 10 year o ld  boy. One day I pestered my fa the r  
again with the request f o r  a ' ca lcula t ion problem'. He j u s t  ended a 
period of work on Braunian movement, determination of the s i z e  of 
molecules and the beginnings of quantum theory, a l l  those things t h a t  
had absolutely no meaning f o r  me then. So he took a long look a t  me as  

- - L % h w ~ n ~ L q L t % s u - & W W ~ t ~  do w.h&~ent throuqh hcs 
head and f i n a l l y  decided t o  give it a t r y .  He asked me, 'How long w i l l  
it take till the ground is  wet i f  it ra ins  a t  the r a t e  of 10 mm per  hour? 
Jus t  take your time i n  f inding o u t . '  I t  was the l a s t  sentence t h a t  got  
me worried -- it meant t h a t  the problem was probably much more involved 
than j u s t  a  simple d ivis ion o r  some other simple operation.  Besides, 
no matter how I t r i e d  t o  g e t  s t a r t e d  always there  seemed t o  be some of 
the most important information missing. 

After doodling f o r  a while bu t  not  ge t t ing  anywhere, I admitted defeat  
and asked f o r  help.  That was na tu ra l ly  j u s t  what my fa the r  had been 
waiting f o r .  He asked me f i r s t  : ' How does r a i n  f a l l ? '  ' In  drops , '  
I answered. 'That is  very important as  you w i l l  see. How b ig  is  such 



a  drop is  r e a l l y  not  important t h a t  we know exac t ly . '  I ventured 
'two mil l imeters . '  'Good. And how b i g  i s  the  splash from such a  
drop?' I guessed again: ' a  10 mill imeter c i r c l e .  Now I know how 
t o  go about it. ' 'Good,' he s a i d  and puffed on h i s  c igar  seemingly 
agreeing with me. I went through the  process of f inding out  how 
many 10 mm c i r c l e s  made a  square meter and how long it would take f o r  
these drops t o  f a l l  a t  the given r a i n  and proudly showed him the 
r e s u l t ,  j u s t  t o  be to ld :  'That is  a l l  very nice ,  but  it is  not what 
I asked you. I asked you how long it takes t o  wet the area ,  not  
how long it takes a  given amount of r a i n  t o  f a l l .  You see ,  i f  you 
take the i n s t a n t  when hal f  the  a rea  is  wet, where w i l l  t he  next drop 
f a l l ?  Are you sure it w i l l  h i t  a  dry spo t  and wet another l-cm c i r c l e ? '  
I had t o  admit I did  not know. That was the moment where I learned 
what the  s ignif icance  of probabi l i ty  i s  and t h a t  it takes ac tua l ly  
many times longer t o  wet the area than I had calcula ted ,  because many 
drops a re  ac tual ly  ine f fec t ive  by h i t t i n g  spots which were already wet. 
And from the f a c t  t h a t  I s t i l l  remember the e n t i r e  episode proves t h a t  
my f a t h e r ' s  experiment was successful  i n  teaching me a t  the age of 10 
the concept of probabi l i ty .  " 

HANS ALBERT EINSTEIN (1971) 

1.4 "Turbulence was, and s t i l l  i s ,  one of the  g rea t  unsolved mysteries of 
science and it int r igued some of the b e s t  s c i e n t i f i c  minds of the  day." 

T L VON K&RI&N (1967) 

1.5 "Directly connected with some of the aspects of the sediment problem is  
t h a t  of turbulence which is  i n f i n i t e l y  more d i f f i c u l t  t o  a t t ack .  ---- 
I f  I may again quote my f a t h e r ,  he described it a s  ' t oo  complicated 
f o r  himv.---- Let me ask only a  simple question which may demonstrate 
our ignorance : Has anybody ever been able  t o  give ac tual  instantaneous 
veloci ty  d i s t r ibu t ion  (or possibly the  pa t t e rn  of the  v o r t i c i t y  l i n e s )  
i n  a  s i g n i f i c a n t  p a r t  of a  turbulent  flow? I do not think so. I do 
not  think t h a t  we w i l l  be able t o  understand turbulence unless we a r e  
able t o  give such a  flow pic ture ."  

HANS ALBERT EINSTEIN (197 1) 

IR-a-' 
--W - -- ----- 

and space transforms a  s tochas t i c  process t o  a  determinis t ic  process o r  
vice versa is  pa r t i cu la r ly  emphasized --- because replacing an hydraulic 
s tochas t i c  process by determinis t ic  re la t ionships  of averages leads t o  
a  loss  of in f~rmat ion~mis lead ing  r e s u l t s ,  and incorrect  problem solut ions ."  

WJICA YEVJEVICH ( 19 7  1  ) 

"Although the f i r s t  comprehensive treatment of suspended t ranspor t  a s  a  
s tochas t i c  process -- was published nearly 25  years ago, it is  only 
within the l a s t  f ive  years t h a t  the sub jec t  has begun t o  come of age ---. 
The more recent models have been e i t h e r  random walk types,  o r  determinis t ic  
types wherein the random walk i s  superimposed on a  bas ica l ly  determinis t ic  
model. The f i r s t  of these approaches may be likened t o  a  drunkard 
attempting t o  reach h i s  des t inat ion on foot ,  and the second t o  a  drunkard 
attempting t o  reach h i s  des t inat ion by bus." 

WILLIAM A SAYRE (1971) 



1.8 "When a canal  is  excavated i n  f i n e  bed mater ia l ,  and/or a sediment load 
is  admitted a t  the  canal  headworks, the des igner ' s  problem becomes 
the  highly c r i t i c a l  one of choosing a canal  design which w i l l  pass 
the required sediment load without undue deposit ion o r  scour; he has 
l i t t l e  margin f o r  e r r o r  on e i t h e r  s ide .  

I t  has already been pointed out  t h a t  ex i s t ing  bed-load formulas have 
a number of uncer ta in t ies  even when the e f f e c t  of s ide  slopes is  neglected. 
Introducing the e f f e c t  of s ide  slopes orbankcompetence makes the problem 
one degree more d i f f i c u l t ,  and indeed puts  it beyond the scope of 
present  knowledge. " 

F M HENDERSON (1966) 



WHAT I S  THE DIFFICULTY ? 

2.1 A problem i n  f o u r  dimensions 

R iver  f l ow  i s  a  process which takes p lace i n  a l l  f ou r  dimensions ( t h ree  

space dimensions and one t ime dimension). I t  i s  very d i f f i c u l t  f o r  the  

human mind t o  ' p i c t u r e '  f o u r  dimensional f low.  Mathematicians and 

engineers tend t o  reso lve  the f l ow  i n t o  two dimensions a t  a  t ime eg. 

i n to .  the  X-y plane (space) o r  by us ing the Langrangian method i n  problems 

w i t h  t ime dependence ( i e .  us ing the  moving water  as a  p o i n t  o f  reference 

i ns tead  o f  a  p o i n t  on the  bank o f  the channel as i n  the conventional 

E u l e r i  an method). S i g n i f i c a n t  e r r o r s  are o f t e n  in t roduced i n  these 

simpl i f i  ca t ions  regarding the  components i n  the  remaining d i r e c t i o n s .  

2.2 Over s i m p l i f i c a t i o n  

Complex f l ow  i s  o f t e n  f u r t h e r  s i m p l i f i e d  by  us ing average values ( f o r  

example i n  the  Manning and B e r n o u l l i  equat ions) .  Average values can 

con ta in  l a r g e  e r r o r s  i f  the  r e l a t i o n s h i p s  are n o t  l i n e a r  (eg. where 

k i n e t i c  energy i s  p ropo r t i ona l  t o  the  square o f  the  v e l o c i t y ) .  

2.3 Scale dependence 

Inves t i ga to rs  o f t e n  overlook the f a c t  t h a t  the  processes are a l so  sca le  

dependent. What i s  v a l i d  on a  macro sca le  ( t ime  o r  space), may n o t  be 

v a l i d  on a  mic ro  sca le  and v i c e  versa. The concept o f  s t reaml ines i s  
" --- --F! --r------------- -- 

l S 

no t  val i d  when app l i ed  t o  i n d i v i d u a l  p a r t i c l e s  o f  water. A r i v e r  may 

a d j u s t  i t s  meander p a t t e r n  over a  l o n g  pe r i od  o f  t ime b u t  cannot do so i n  

a  s i n g l e  f l ood .  

2.4 Cause and e f f e c t  

Inves ti gators f r equen t l y  f a i  l t o  d i s t i n g u i s h  between cause and e f f e c t ,  

and between a c t i o n  and reac t ion .  An example i s  the  o f t e n  quoted 

statement t h a t  meanders are the  form i n  which the  r i v e r  does the  l e a s t  



work in  turning and therefore t h i s  i s  the most probable course tha t  i t  

will take. Attempts a t  determining the resistance offered to  flow by 
dunes in  the r ive r  bed have been unsuccessful largely  because the dunes 

are  a consequence of the energy dissipation phenomena and not the cause. 

2.5 Functional relationships 

Standard t ex t  books on hydraul i cs  unwittingly condition the student '  S 

mind to make the assumption tha t  open channel flow i s  a continuous process 

tha t  can be described mathematically by continuous functional re1 ationships. 

In l a t e r  l i f e  the engineer has d i f f i cu l t y  in  appreciating tha t  these 
mathematical relationships cannot be used to predict  the movement of a 
par t i c le  of water o r  of an individual grain of sand. These 'can only be 

described i n  probabi l i S ti c terms. Hydro1 ogi s t s  have long been exposed to  

stochasti  c processes, but s tochast ic  hydraul i cs  only s ta r ted  coming into  
i t s  own in  the 19601s, and does not seem to  have made much headway since 

then. 

To summarise, the solution of complex r iver  flow problems requires :- 

( i  ) Observation and measurement. 

( i i  ) Visual isa t ion of the process. 

( i  i i ) Development of a conceptual model . 
( i  v )  Conversion in to  mathematical relationships (continuous o r  s tochast ic  

depending on the s ca l e ) .  

(v)  Programming the computer t o  solve the problem. 
- -- P - -- 

The second s tep seems to  be the one t ha t  i s  most di f f i cu l  t. 

In the pages tha t  follow I will attempt to  provide some guidance on how 
problems in  r ive r  flow can best  be visualised. 

En route I will attempt to  explain why i t  i s  tha t  there i s  as ye t  no 
completely sa t i s fac to ry  answer t o  a problem which challenged the human 
mind long before the time of Leonardo da Vinci :- 

"Why doesn't  a  & ~ e r  flow i n  a s traight  l ine  ? l r  



3. SOME DEFINITIONS AND CONCEPTS 

3.1 Stochas ti c  processes 

The f low i n  the  Vaal River  tomorrow w i l l  depend very much on the f low 

measured today, b u t  the  f low 365 days from now w i l l  be independent o f  

the f low today. I n  the absence o f  o the r  in fo rmat ion ,  my bes t  est imate 

o f  tomorrow's f l ow  w i l l  be t h a t  i t  w i l l  be the  same as today's f low.  

My bes t  est imate o f  the f l ow  365 days from now w i l l  be the  average f l ow  

( o r  b e t t e r  s t i l l  the  median f l ow)  f o r  t h i s  t ime o f  the  year. 

A  s tochast ic  process has th ree components :- 

( i )  A  de te rm in i s t i c  component which can be determined exac t l y  once the  

i n i  ti a1 condi ti ons are known. 

( i  i ) A probabi l i s t i c  component which cannot be ca lcu la ted  p rec i se l y ,  b u t  

can be described i n  s t a t i s t i c a l  terms. 

( i  i i ) Time dependence 

I n  the case o f  the f low i n  the Vaal River, the p r o b a b i l i s t i c  component w i l l  
be zero when es t imat ing  tomorrow's f low, b u t  the de te rm in i s t i c  component 

w i l l  be zero when es t imat ing  the f l ow  a  year from now. 

3.2 Energy pathways -& 

FIGURE 1 : THE HYDROLOGICAL CYCLE. 



Incoming radiant energy from the sun drives the hydrological cycle and 
delivers water to  the r ive r  catchment. The difference in elevation 

between the surface on which the rain fa1 1s and sea level i s  the amount 
of energy tha t  a given mass of water will release to  the environment on 

i t s  journey back t o  the sea.  This i s  cal led potentiat energy (PE) and i s  

measured in  units  of length. Note t ha t  t h i s  amount of energy i s  independent 

of the horizontal distance travelled o r  time taken to  reach the sea. I t  
i  S therefore independent of vel oci ty  and channel slope . 

Potential energy i s  converted to  other  forms of energy en route to  the 
ocean, and i s  ultimately dissipated to  the environment as heat energy. 

Potential energy i s  converted to  kinetic energy when flow i s  i n i t i a t ed .  

TransZationaZ kinet ic  energy i s  the energy stored i n  a mass of water moving 
forward i n  the general direction of flow. There i s  a f ree  exchange between 

poten'tial and t ransla t ional  energy as a mass of water accelerates and 
decelerates in a forward direct ion,  a1 though each transformation i S 

accompanied by some energy loss ,  which can be large in the case of diverging 
sections fo r  example . 

Rotational kinet ic  energy i s  the energy stored in  rota t ing water such as 
takes place in heliciodal flow, vortices and turbulence. Nearly a l l  the 

rotational energy i s  ultimately transformed in to  heat energy as i t  cannot 

readily be transformed into  t ransla t ional  o r  potential energy. 

When the terms 'energy l o s s '  o r  'energy consumption' are used the 
imp1 ication i s  tha t  the energy i s  i r re t r ievably l o s t  from the water system. 

- -- - 

3 . 3  Other properties of water 

Viscosity i s  the property of water which r e s i s t s  deformation and i s  due 

to the cohesiveness of the water molecules. I t  i s  proportional to  the 

velocity gradient a t  t ha t  point. 

Shear s tress  (-c) has the uni t s  N / m 2  and when mu1 t i  p1 i ed by the area on 

which i t  ac ts  equals the shear force applied to tha t  area. 

Mass density of the fluid ( p )  i s  the specif ic  weight divided by the 
acceleration of gravity ( g ) .  



Specific weight ( y )  i S in uni t s  of weight per uni t v01 ume = pg 

3.4 Action and reaction 

I move my body forward by exerting a force on the ground. If the ground 

doesn't move i t  offers full reaction to the applied force. There i s  
therefore only one possible result - my body must move forward. This 
process only has one degree of freedom. 

If I tread on a banana peel the result will be quite different.  In this 

case there will not be sufficient reaction to the applied force and therefore 
there can be no forward movement of my body. 

Similarly the outer bank of a bend in the river does not force the stream 

to change i t s  direction of flow. I t  resis ts  the forward movement of the 
water. 

The significance of these statements wi l l become apparent la ter .  

3.5 The W - W  Bird - a problem of visualisation 

"When pursued by an enemy, the W-W Bird flies round in ever diminishing 
circles ........". 

The person who observed the incident erred in his interpretation because 

he only had a two-dimensional view and therefore failed to perceive that 
the bird 

viewer. The bird reduced i t s  circular velocity b u t  simultaneously increased 

i t s  vertical velocity. I t s  orientation changed as a result of i t s  change 

in f l ight  direction. I t  appeared to get smaller when in fact i t  was 

climbing up into the sky. The observations were sound - i t  was the 

interpretation that was a t  faul t .  



View from below Side view 

FIGURE 2 : THE FLIGHT PATH OF THE W-W BIRD. 

There i s  an analogy i n  r i v e r  f low. Beware o f  diagrams showing two- 

dimensional f l ow  paths which look  l i k e  t h i s  :- 

FIGURE 3 : HELICOIDAL FLOW. 

Water cannot rotate  i n  one plane without a component i n  a direct ion 

perpendicular t o  the plane of  rotat ion.  Watch the  phenomenon nex t  

- -- t ime @g - and remember the  lesson o f  the  

W-W b i r d .  



4. SOME OBSERVATIONS 

4.1 C l a s s i f i c a t i o n  o f  r i v e r  channels 

R i  ver  channel S can be d i  v i  ded i nto  mu1 ti p1 e and s i  ngl  e- thread watercourses : - 

Mu1 t i p l e  thread :- 

S tem converging 

Single thread :- 
v 

d ive rg ing  bra ided 

S t r a i  gh t i r r e g u l a r  meandering 

FIGURE 4 : TYPES OF RIVER CHANNELS 

A1 l of these can be observed i n  nature, bu t  long s t r a i g h t  channel S are 

very r a r e  and seldom have lengths greater  than ten  times the channel w id th .  

Where s t r a i g h t  reaches extend f o r  long lengths,  these are usua l l y  due t o  

geological  con t ro l s  eg. the Vaal/Orange system o f  the Northern Cape, and 

the gorges below V i c t o r i a  Fa1 1s. 

Where no geological  con t ro l s  are present, f o r  example on a l l u v i a l  p la ins ,  

r i v e r s  do n o t  f l ow  i n  a s t r a i g h t ,  s i ng le  thread channel. I n  f a c t  the 
f l a t t e r  the v a l l e y  slope the  more sinuous the r i v e r  course. 



. Douglas 

Prieska \% 

FIGURE 6 : MARKED LINEATION OF THE ORANGE AND VAAL RIVERS AT THEIR 

CONFLUENCE. THE CAUSE I S  NOT KNOWN 



I n  some cases u p l i f t  has preserved the  o r i g i n a l  meandering p a t t e r n  

which has become deeply i n c i s e d  i n t o  the under ly ing  rock a1 though the  

f l o w  and sediment c a r r y i n g  capac i ty  o f  the  present  r i v e r  may d i f f e r  

g r e a t l y  from the  o r i g i n a l  cond i t i on .  A good example i s  Mbashe R iver  

i n  the  Transkei.  Other no tab le  examples are  the  Grand Canyon o f  

America and the  F ish  R iver  Canyon i n  South-West A f r i c a .  





5.  SOME HYDRAULIC LAWS AND THEIR APPLICATION TO RIVER FLOW 

Case one : a un i fo rm channel w i t h  no res is tance t o  f l ow  

Consider a  constant  r a t e  o f  f l ow  along a  s t r a i g h t ,  un i fo rm channel 

which has a  smooth per imeter  which does n o t  o f f e r  any res is tance t o  f low.  

Two bas ic  laws are  app l i cab le .  

Newton's second Zm s ta tes  t h a t  a  mass w i l l  acce le ra te  l i n e a r l y  when a  

f o r ce  i s  app l i ed  t o  i t .  

Force = Mass X Acce le ra t ion  

F  = M . A  

The fo rce  app l i ed  t o  the  water  i s  the  f o r ce  o f  g r a v i t y .  I n  the absence 

o f  a  res is tance t o  t h i s  fo rce ,  the  water w i l l  cont inue acce le ra t i ng  

down the channel. 

From the Zm of conservation of mass f o r  cond i t ions  o f  steady f l ow  the  

r a t e  o f  f l ow  o u t  o f  the sec t i on  w i l l  be equal t o  the  r a t e  o f  f l ow  i n t o  the 

sec t ion .  The r a t e  o f  f l ow  i s  equal t o  the v e l o c i t y  m u l t i p l i e d  by the  

cross-sect ional  area. As the water  accelerates the v e l o c i t y  increases 

and the c ross-sec t i  onal area must there fore  decrease p ropo r t i ona te l y  . 
Q = Al.V1 = A2.V2 = constant  

FIGURE 8 : STEADY FLOW ALONG A STRAIGHT, UNIFORM, FRICTIONLESS CHANNEL. 



5.2 Case two : a  rough u n i f o r m  channel 

Consider  t h e  same cond i t i ons  as i n  case one, b u t  t h i s  t ime  t h e  channel 

has a  rough boundary i e .  i t o f f e r s  a  r e s i s t a n c e  t o  f l ow .  

FIGURE 9 : STEADY FLOW ALONG A STRAIGHT, UNIFORM C W N E L  WITH A ROUGH 

PERIMETER. 

Because o f  t h e  r e s i s t a n c e  t o  f l ow ,  t h e  wa te r  v e l o c i t y  w i l l  reach a  

cons tan t  e q u i l i b r i u m  va lue when t h e  r a t e  o f  energy a v a i l a b l e  t o  m a i n t a i n  

fo rward  f l o w  equals  t h e  r a t e  o f  energy consumed i n  overcoming t h e  

r e s i  S tance t o  fo rward  movement ( a c t i o n  and r e a c t i o n )  . 

Severa l  formulae a re  a v a i l  ab l e  f o r  de te rmin ing  what t h e  equi  l i b r i  um 

v e l o c i t y  w i l l  be. The Manning formula i s  t h e  b e s t  known :- 

Velocity = ( h y d r a u l i c  r a d i  U S ) ~ ' '  X ( s l ope ) f  

roughness c o e f f i c i e n t  

where t h e  hydrau l  i c  r ad i us  i s  d e f i n e d  as t h e  we t t ed  pe r ime te r  d i v i d e d  by  

t he  c ross - sec t i ona l  area. Th is  i s  approx imate ly  equal t o  t h e  depth o f  

f l o w  f o r  a  wide, sha l low channel.  



The unstated asswnption i n  t h i s  formuZa i s  that  the veloci ty  i s  the 

mean veloci ty  a t  that  section of the r iver .  The dependant v a r i a b l e  

should t he re fo re  be denoted by 7 and n o t  v .  

5.3 What paths w i l l  s t reaml ines  f o l l o w  ? 

The v e l o c i t y  o f  the  water  a t  a  cross sec t i on  o f  a  r i v e r  can be measured by 

c u r r e n t  meters. The f o l l o w i n g  a re  two-dimensional representa t ions  o f  t he  

v e l o c i t y  f i e l d .  

s i de  view f r o n t  view top  view 

FIGURE 10 : TYPICAL VELOCITY F IELD I N  A UNIFORM TRAPEZOIDAL CHANNEL. 

Note the depressed zone of maximum v e l o c i t y .  Why i s  t h i s  no t  a t  the 

water  sur face ? 

I frictionless' surface 

FIGURE 1 1  : HYPOTHETICAL FRICTIONLESS SURFACE 



A l i ne  can be drawn through the edges of the f ree  water surface and the point 
of .maximum velocity such tha t  i t  crosses the isovelocity l ines  a t  r igh t  

angles. Therefore there cannot be any difference in  velocity between any 

pair  of points immediately above and below th i s  l ine .  ( i e .  no velocity 

gradient across the l i  ne) . 

Therefore there can be no resistance to  flow across the l ine to balance 
the force of gravity resolved down the slope. 

As there i s  no resistance t o  flow across t h i s  surface,  the water above i t  
must accelerate - but i t  doesn' t!  

Henderson (1966) s t a t e s  : "This paradox can only be resolved by postula t ing 
secondary flows i n  the d i rec t ions  shown by the  arrows" 

secondary currents 

FIGURE 1 2  : POSTULATED SECONDARY FLOWS 

Henderson then continues ".... I t  must be rea l i sed  t h a t  none of t h i s  
argument explains why the secondary flows occur, and i n  f a c t  no complete 
explanation has y e t  been found f o r  the occurrence of these flows i n  
s t r a i g h t  channels. 'l 

--- 
p- 

I f  we had been present during the measurement of the water velocity we 

would have noted t ha t  the current meter i s  such tha t  i t  i s  f ree  to  
or ienta te  i t s e l f  in  both the horizontal and vertical  d i rect ions ,  b u t  tha t  

t h i s  orientation was not taken into  account in  the measurements. Had t h i s  

been done i t  would have been observed tha t  the velocity being measured was 
not perpendicular to the cross-section, b u t  was a t  a s l i gh t  horizontal and 

vertical  angle to i t ,  and tha t  these angles varied from place to  place 
in the section.  



Note a l s o  t h e  use by  Henderson and most o t h e r  au thors  o f  t h e  te rm 

'secondary f l o w '  . Th is  i s  con fus ing .  The te rm ' h e l i c o i d a l  f l o w '  i s  

concep tua l l y  more c o r r e c t  and a s s i s t s  i n  v i s u a l i s i n g  t h e  f l o w  p a t t e r n .  

5.4 H e l i c o i d a l  f l o w  

He1 i c o i  da l  f l o w  was recognised independent l y  by two i n v e s t i g a t o r s  as l o n g  

ago as 1882 and red iscovered  i n  1909 ! 

Max M o l l e r  (Germany, 1882) F P  Stearns (USA 1882) 
A  H Gibson (USA 1909) 

M o l l e r  p o s t u l a t e d  t h a t  t h e  wa te r  su r f ace  should be concave upwards 

whereas G i  bson found t h a t  i t was convex upwaids . l b . .  . because roughness 
-- 

protuberences, like any other obstacles, tend to produce a locally lowered 

pressure1' ! ! 

Other  suggest ions have been : 

t 

Prand t l  (Germany, 1927) Powel l  (USA 1946) 

FIGURE 14 : VELOCITY F IELDS POSTULATED BY PRANDTL AND POWELL. 



The f i g u r e  below shows t h e  measured f l o w  v e l o c i t i e s  and expected 

c i r c u l a t i o n  p a t t e r n  i n  t h e  PO R i v e r  i n  I t a l y .  

velocity 

circulation 

W---- - 
Vanoni, 1 9 4 7  

A1 l t h e  above c o n f i g u r a t i o n s  may e x i s t  i n  na tu re ,  depending on t h e  w id th /  

dep th / f l ow r e l a t i o n s h i p s  o f  t h e  channel . 

We can now v i s u a l i s e  channel f l o w  on two sca les  :- 

Macro scale : A1 l stream1 i nes  a re  assumed t o  be p a r a l l e l  t o  one another  

and f o l l ow  t he  d i r e c t i o n  o f  t he  r i v e r  channel.  Average v e l o c i t i e s  a re  

used i n  t he  c a l c u l a t i o n  methods. 



Meso scale : Streamlines are assumed to  follow helicoidal paths within 

two or more ce l l s .  A parcel of water ( b u t  not pa r t i c le  as we will see 

shor t ly  I) s t a r t i ng  a t  the r ive r  bank will accelerate downhill and move 

towards the centre of the stream, dip below the surface where i t  reaches 

i t s  maximum velocity,  continue on an angled path towards the bed of the 

r ive r  decelerating on the way, flow along the r ive r  bed where the 

maximum deceleration takes place, r i s e  up and along the bank of the r ive r  

unti l  i t  reaches the water surface where i t  s t a r t s  on the next acceleration- 

deceleration cycle. 

In t h i s  v isual isa t ion,  we can now conceive how the velocity of the flowing 

water i s  restrained by the perimenter of the r ive r  channel, and conversely 

how the flowing water acts  on the perimeter and scours out any weak spots 

thus i n i t i a t i n g  departures from a s t r a i gh t  channel . 

B u t  there are s t i l l  more conceptual problems ahead ! These r e l a t e  to  

flow on a micro scale and involve the as y e t  unresolved quantification 
of turbulent flow. 



6 .  BERNOULLI A N D  THE LAW OF CONSERVATION OF E N E R G Y  

I ' 

6 . 1  Bernoulli equation fo r  steady flow 

Standing water in a r ive r  catchment has an energy potential  equal t o  
the height of the surface of the water above sea level .  

When water commences flowing down a slope some of the potential  energy i s  
converted into  kinet ic  energy which i s  proportional to  the square of the 
velocity . 

(1 energy datum h 

l 
FIGURE 16 : VARIABLES I N  THE BERNOULLI EQUATION. 

where h& i s  the energy l o s t  to  the environment in the section 1 - 2. 

Note tha t  a l l  veloci t ies  are mean veloci t ies  a t  the cross-section. This 

leads t o  the next complication : 



actua l  assumed 

FIGURE 17 : ASSUMED AND ACTUAL VELOCITY PROFILES. 

The mean o f  the  sum o f  the  squares o f  the  ac tua l  v e l o c i t i e s  i s  n o t  the 

same value as the  square o f  the  mean v e l o c i t y  ! 

This i s  another macro/meso scale incons is tency  which can usua l l y  be 

ignored i n  most hyd rau l i c  problems, b u t  leads t o  d i f f i c u l t y  when dea l ing  

w i t h  stream1 ines.  Consider the f o l  lowing.  

6.2 Rota t iona l  energy 

Where cond i t ions  are such t h a t  parce ls  o f  water  r o t a t e  i n  a d d i t i o n  t o  

t h e i r  forward movement, p o t e n t i a l  energy i s  converted i n t o  k i n e t i c  

energy i n  the  process. 

FIGURE 18 : ROTATIONAL FLOW ( a f t e r  R O O S ~ ~ O O ~ )  . 



The term dv i s  the  r a t e  o f  change o f  v e l o c i t y  i n  the  v e r t i c a l  d i r e c t i o n .  

The v e r t i c a l  column o f  water must t he re fo re  move forward a t  a  mean 
dv v e l o c i t y  7 and rotate  wi th  mean angular ve loc i t y  -. 
dy 

The k i n e t i c  energy o f  the  column t h e r f o r e  cons is ts  o f  two pa r t s ,  v i z  

( i )  T rans la t i ona l  energy i n  the  d i r e c t i o n  o f  f l ow  which i s  a  f u n c t i o n  

o f  forward v e l o c i t y .  

( i i )  Rota t iona l  energy which i s  a  f u n c t i o n  o f  both the  v e l o c i t y  g rad ien t  

across the  p r o f i l e  as we1 l as the  moments o f  i n e r t i a  o f  u n i t s  which 

r o t a t e  as such. 

Note t h a t  t he re  i s  a l so  a  v e l o c i t y  g rad ien t  i n  the  l a t e r a l  d i r e c t i o n  causing 

ho r i zon ta l  r o t a t i o n .  

The t o t a l  energy i n  the  sec t i on  can be def ined as :- 

t o t a l  energy = t r a n s l a t i o n a l  energy + r o t a t i o n a l  energy 

u2 -2 -2 

i e .  a . -  - - v 
2g 

+ ( a - I ) . -  
2g 2g 

Rooseboom ascr ibes the  phenomenon o f  convex curva ture  o f  the  water sur face 

o f  a  r i v e r  observed by Alexander (and Gibson seventy years be fore  him I) 

as fo l l ows  :- 

"In r i v e r  flows, flow v e l o c i t i e s  along flood p la ins  a re  normally 
small while numerous eddies a r e  formed due t o  the  presence of 

such eddies with large  amountsof iner t ia  w i l l  be high. I t  is  
thus poss ible  t o  explain why the water l e v e l  i n  a r i v e r  above 
the main channel i s  of ten  higher tha  above the flood p la ins  
( a  d i f ference  of f 0,3m has been observed i n  the  Orange River a t  
Upington) . " 

Rooseboom shows t h a t  a values expressed i n  terms o f  the  mean channel v e l o c i t y  

w i l l  normal ly  be i n  the  range 1,03 t o  1,12 and suggests us ing  an average 

f a c t o r  o f  1,05. Henderson quotes a-values o f  2  and more i n  na tu ra l  r i v e r s  i n  

terms of  average r i ver  ve l  oc i  t y  i n c l  udi  ng overbank f low.  

Note t h a t  u n l i k e  t r a n s l a t i o n a l  energy, r o t a t i o n a l  energy cannot r e a d i l y  be 

transformed back t o  p o t e n t i a l  energy and i s  t he re fo re  permanently l o s t  t o  

the  system. 



6.3 Rota t ion  o r  shear ? 

I n  my view the  argument i n  the  paragraph above on l y  holds good when the  

water a c t u a l l y  r o t a t e s ,  and i s  n o t  v a l i d  when the water shears ins tead o f  

r o t a t i n g .  I w i l l  expand on t h i s  when d iscuss ing  res is tance t o  f low,  b u t  

i n  the  meantime I would l i k e  t o  s t a t e  t h a t  where a veZocity gradient e r i s t s ,  

a parcel of water w i Z Z  e i ther  shear or rotate depending on the condition 

aZong i t s  boundaries. 



7. RESISTANCE TO FLOW 

7 .1  Channel roughness 

The roughness o f  t h e  channel pe r imete r  r e s i s t s  t he  fo rward  movement o f  t h e  

water ,  and t h i s  r e s i s t a n c e  i s  t r a n s m i t t e d  through t h e  wate r  body. I t  may 

by  v i s u a l i s e d  as f o l l o w s  : 

(a )  v e l o c i t y  (b )  Shear s t r e s s  ( c )  Power (d )  Power consumed 
p r o f i l e  p r o f i l e  a p p l i e d  i n  i n  r e s i s t i n g  

m a i n t a i n i n g  f l o w  
f l o w  

FIGURE 19 : VELOCITY, SHEAR STRESS AND POWER PROFILES PER UNIT VOLUME OF 

AN INFINITELY WIDE STREAM ( a f t e r  R O O S ~ ~ O O ~ )  . 

The l a y e r  immediate ly  i n  con tac t  w i t h  t h e  channel pe r ime te r  i s  r e s t r a i n e d  

f rom moving due t o  t h e  r i g i d i t y  and roughness o f  t h e  m a t e r i a l  c o n s t i t u t i n g  t h e  

per imete r .  The v i s c o s i t y  o f  t he  wa te r  r e s t r a i n s  b u t  does n o t  p reven t  the  

fo rward  movement o f  t h e  n e x t  l a y e r .  The a c t u a l  v e l o c i t y  o f  subsequent 

l a y e r s  w i l l  t h e r e f o r e  depend on t h e  magnitude o f  t h e  f o r c e  app l ied ,  t h e  



v e l o c i t y  o f  the water i n  adjacent  layers,  and the v i s c o s i t y  o f  the water. 

The resistance o f  the bottom layers  i s  t ransmi t ted  throughout the  p r o f i l e  

i n  t h i s  way. 

The shear s t ress  ( u n i t s  o f  fo rce  per u n i t  area) decreases l i n e a r l y  from 

the bed t o  the  water sur face.  

The power app l ied  i n  main ta in ing  f low i s  d i r e c t l y  p ropor t iona l  t o  v e l o c i t y  

and there fore  has the same p r o f i l e .  

Rooseboom showed t h a t  the mean v e l o c i t y  o f  flow could be ca lcu la ted  as a  

func t i on  o f  the  eddies along the f low boundary which i n  t u r n  are a 

f unc t i on  o f  boundary roughness, as i n  t h e  modi f ied  Chezy equation :- 

where R i s  t he  hydraul i c  rad ius  (a l so  c a l l e d  hyd rau l i c  mean depth) 

S i s  t he  s lope 

and k i s  a  measure o f  absolute roughness. 

This formula i s  t h e o r e t i c a l l y  sounder than the  empi r ica l  Manning and 

Chezy formulae. 

The k f a c t o r  can be v i sua l i sed  more r e a d i l y  than Manning's n .  Here are 

some examples . 

Surface m-- A h s c i h h ~ r w h M + - - -  ----- ----. ---- 
---m---- p---- 

G1 ass 0,000 2 

Concrete - s t e e l  form 0,000 6 

- unf in ished,  rough 0,008 

Channel - ea r th  0,Ol 

- uni form gravel 0,08 

- s t r a i g h t  sect ions 0,2 

Rivers - clean, winding l 

Mountain streams - cobbles and boulders 2 



\:Note : I n  a  recent  hydrology t r a i n i n g  course, students were shown 

s l i d e s  o f  various types o f  channel mater ia l  and asked t o  

est imate the absolute roughness fac to rs .  The r e s u l t s  were 

remarkably consi s t e n t 7  

7.2 Grain roughness vs form roughness 

Consider the  f o l l o w i n g  two s i t u a t i o n s  

(a )  g ra in  roughness (b)  form roughness 

FIGURE 20 : TYPES OF ROUGHNESS. 

I n  both the  above s i t ua t i ons ,  the  l a y e r  o f  water below the sur face e-f 

i s  assumed t o  be immobile due t o  the  roughness o f  the  s o l i d  sur face below 

it. The f o l l o w i n g  l a y e r  o f  water shears across the  surface e - f .  

However, i n  F igure 20(b) there i s  another sur face i - j  which i s  sho r te r  
-- - - t h a n - - & ( a - n d & h e - ~ ? e - b r ~ r n ~ k a ~ i ~ h ~ ~ - i ~ b L  p-Lane_)&-- 

which shearing could take p1 ace, l eav ing  a  zone o f  dead water between the  

surfaces e - f  and i-j. I f  t h i s  were t o  happen the e f f e c t i v e  roughness o f  

the channel would be the  same regardless o f  the  s i ze  o f  the  ma te r i a l  i n  

the  bed. 

I n  para 6.3 above I postu la ted  t h a t  "where a velocity gradient ex is t s ,  a 

parcel of water w i l l  either shear or rotate, depending on the conditions 

along i t s  boundaries. " 



I would now l i k e  t o  take t h i s  one s tep  f u r t h e r  and pos tu la te  t h a t  

a parceZ of water w i Z Z  rotate  rather than shear wherever boundary 

conditions permit t h i s .  

I n  F igure  20(b), water  w i l l  t he re fo re  r o t a t e  w i t h i n  the  'dead water '  zone 

r a t h e r  than shear across it. The diameter o f  the  r o t a t i n g  c e l l  can be 

v i sua l  i s e d  as be ing  the  same as the  he igh t  o f  the  form roughness, which 

i s  the  k - f a c t o r  i n  Rooseboom's equat ion i n  paragraph 7 . 1  above. 

A l i t t l e  thought  w i l l  show t h a t  t h i s  r o t a t i o n  cannot take place unless 

the  water  e x i t s  from the  cent re  o f  r o t a t i o n  i n  a  d i r e c t i o n  perpendicular  

t o  the  plane o f  r o t a t i o n  ( t h e  W-W-bird problem again) .  Also, form 

roughness does n o t  cons i s t  o f  c y l i n d r i c a l  elements b u t  i s  c l ose r  t o  hemi- 

spher i  ca l  elements. 

FIGURE 21 : FORM ROUGHNESS APPROXIMATES HEMISPHERICAL ELEMENTS RATHER 

----- +MW -- 

The t u r b u l e n t  nature o f  t he  f l ow  near the  bed can be appreciated. 

7.3 The a1 pha -coe f f i c i en t  again 

Going back t o  r o t a t i o n a l  energy described i n  para 6.2, i t  should be 

poss ib le  t o  r e l a t e  t h i s  t o  bed roughness as w e l l .  Rooseboom showed t h i s  
t o  be so, and developed the  r e l a t i o n s h i p  between the  hyd rau l i c  rad ius ,  

absolute roughness and a - c o e f f i c i e n t .  



This i s  i l l u s t r a t ed  in  the f i r s t  two columns of the table  below which 

are from Rooseboom's f igures .  From these i t  i s  possible to determine 

the r a t i o  of the to ta l  available energy tha t  i s  used in maintaining 

t ransla t ional  and rotational flow respectively.  

Transl at ional Rotational a energy energy 

From th i s  table i t  will be seen t ha t  i f  the bed material consis ts  of 

boulders with dimensions of one tenth of the hydraulic radius,  tha t  only 

89% of the available energy will be used in  maintaining flow in  the forward 

direct ion,  while 11% will be used fo r  maintaining rotational flow due to 

the protuberences along the channel perimenter. 

B u t  t h i s  i s  not the only cause of rotational flow :- 

( a )  Overbank flow ( b )  sudden expansion 

FIGURE 22 : OTHER FORMS OF ROTATIONAL FLOW. 



When overbank flow occurs there will be a s ign i f ican t  difference in  the 

mean veloci t ies  of the flow i n  the channel and on the flood pla in ,  which 

will cause he1 icoidal rota t ion and exchange of flow. 

Sudden expansions in the r ive r  channel will  a lso  cause rotational flow t o  

take place. 

Henderson reports tha t  the a-coeff ic ient  can be larger  than two which 
implies tha t  under these circumstances l ess  than 50% of the to ta l  energy 
generated in the reach of the r ive r  i s  available fo r  maintaining forward 
movement of the water. (This i s  my interpretation - others disagree).  

7.4 Visualisation of head loss 

We have seen how gravitational forces cause water to  move down a slope.  
In the process the potential energy i s  reduced as the water loses 

elevation,  b u t  t h i s  i s  compensated by an increase in  kinet ic  energy. The 
tota l  energy content of a uni t  volume of water would remain the same as 
i t  l o s t  potential energy and gained kinet ic  energy during i t s  passage down 

the r ive r  were i t  not fo r  the resistance to  flow offered by the r ive r  

channel. 

Energy i s  ' l o s t '  o r  'consumed' in overcoming t h i s  resistance.  Equi l i b r i  um 
i s  reached when the flow conditions are such tha t  the energy loss over a 
unit  length of channel equals the loss in elevation over the same length. 
As we noted before t h i s  energy loss per uni t  length of channel i s  

---"----"p- 
--------- 

The energy i s  l o s t  to  the system in the form of heat energy, which in  turn 
i s  caused by viscous shearing within the water body. 

Channel roughness therefore determines 'how' the conversion to heat energy 
takes place, but does not determine 'how much' energy i s  converted. 



Later on in  these notes I will quote Yang who, in the context of r ive r  

meanders, submitted the following as a basic law :- 

"During the evolution toward i t s  equil ibrium condit ion,  a natura l  
stream chooses i t s  course of flow i n  such a manner t h a t  the  r a t e  
of p o t e n t i a l  energy expenditure per u n i t  mass of water along i t s  
course i s  a minimum. This minimum value depends on the external  
cons t ra in t s  applied t o  the stream." 

I see no reason why we cannot apply the same law to flow paths within the 

water body. Wherever the external constraints (eg . protuberances in  the 

r ive r  bed) permit i t ,  the parcel of water can reduce the rate of potential 

energy expenditure by increasing i t s  flow path. I t  can achieve t h i s  by 

he1 icoidal rota t ion.  

In a re la t ive ly  smooth channel, he1 icoidal rota t ion of individual parcels 

of water i s  inhibi ted and the r a t e  of potential energy per unit length of 

flow path i s  greater than in  helicoidal flow. 

(Note tha t  the r a t e  of expenditure of energy per unit  length of channel 

i s  the same in  both cases) .  

To summarise, potential  energy i s  converted into  two types of kinet ic  

energy viz translational energy and rotational energy. The re1 a t i  ve 

proportions of these two types of kinet ic  energy depend on channel 

roughness. An increase in  channel roughness does not cause an increase in 

energy loss ,  nor does i t  cause an increase in  turbulent or rotational flow. 
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to  rota te  naturally and thereby follow a longer path and reduce the ra te  
of energy expendi ture per uni t length of f l  owpath . 

As we wi l1 see l a t e r ,  when a r ive r  flows through a1 l uvi um i t  has the 

opportunity to  mould the material in  the channel bed and thereby create i t s  

own ' roughness' . Only under cer ta in  special conditions does the r ive r  in 

a1 l uvium create a plane bed. 

A smooth channel bed must be seen as a constra int .  When t h i s  constraint  i s  

removed, the r ive r  will develop a rough bed - not a smooth one. 



7.5 I n s t a b i l i t y  

As r o t a t i o n a l  f low can and does take p lace i n  any d i rec t ion ,  stream1 ines 

a t  a  f i x e d  p o i n t  do n o t  f o l l o w  a  constant d i r e c t i o n  b u t  change d i r e c t i o n  - 
sometimes r a p i d l y  - w i t h  time. The f low d i r e c t i o n  i s  t he re fo re  unstable, 

and the greater  the energy expenditure on r o t a t i o n a l  f low, the greater  the 

i ns t a b i  l i t y  o f  the phenomenon. Under these cond i t ions  surges occur which 

g ive r i s e  t o  the f a m i l i a r  b o i l s  on the water surface. 

These surges may be quasi- regular .  A good example i s  shown i n  Figure 23 

where the  d i f f e rence  i n  the smooth t race  o f  the  water l e v e l  dur ing  low 

f l ow  condi t ions changes t o  r a p i d  o s c i l  l a t i o n s  a t  h igher  discharges. I n  

t h i s  case the o s c i l l a t i o n s  were damped by the r e s t r i c t e d  i n l e t  i n t o  the 

recorder w e l l  - the  ampli tude o f  the changes i n  water l e v e l  of t he  r i v e r  

i t s e l f  was much l a r g e r .  The o s c i l l a t i o n s  were caused by r o t a t i o n a l  f l ow  

which was due t o  a  sudden expansion i n  the  r i v e r  channel downstream. 

(The l a s t  sentence i s  badly worded. I should r a t h e r  have sa id  t h a t  the 

sudden expansion o f  the r i v e r  channel removed a  c o n s t r a i n t  on the f low 

and al lowed the water t o  r o t a t e  ! )  



FIGURE 23 : OSCILLATION OF THE WATER LEVEL I N  THE ORANGE RIVER AT UPINGTON AT 

HIGH FLOWS DUE TO SUDDEN EXPANSION OF THE RIVER CHANNEL. 



8. SEDIMENT TRANSPORT 

8.1 No sediment - no sediment t r a n s p o r t  ! 

Much has been w r i t t e n  i n  t h e  p a s t  and wi  l 1  no doubt con t inue  t o  be w r i t t e n  

i n  t he  f u t u r e  on t he  complex s u b j e c t  o f  sediment t r a n s p o r t .  Mathematical  

r e l a t i o n s h i p s  between r i v e r  f l o w  and sediment t r a n s p o r t  have o f t e n  been 

confounded by  f i e 1  d observa t ions .  What these i n v e s t i g a t o r s  have over looked  

i s  t h a t  t h e  mathematical  r e l a t i o n s h i p s  r e f e r  t o  t he  r i v e r ' s  sediment 

t r a n s p o r t  p o t e n t i a l  . The a c t u a l  sediment l o a d  w i l l  a l s o  depend on t h e  

a v a i l a b i l i t y  o f  sediment. I f  no sediment i s  a v a i l a b l e  f o r  t r a n s p o r t ,  none 

w i l l  be t r anspo r t ed  ! 

m 
- -p----- 

This i s  w e l l  i l l u s t r a t e d  b y  t he  v a r i a t i o n  o f  sediment d ischarge  w i t h  wa te r  

d ischarge  i n  t h e  Volga R i v e r  f o r  two consecut ive seasons : 

Sediment discharge 

FIGURE 24 : VARIATION OF SEDIMENT DISCHARGE WITH WATER DISCHARGE. 

AFTER CHEBOTAREV (1966) 

S t range ly ,  t he  Russians have a l s o  no ted  t h e  double peak phenomenon t h a t  

we have noted i n  South A f r i c a  (see Technica l  Note 87 and i t s  r e f e rences )  

b u t  t hey  a t t r i b u t e d  i t  t o  :-  



"... tu rb id i ty  formed upon erosion of the  s o i l  by the  surface 
runoff ( v e r t i c a l  hatching) and ... tu rb id i ty  formed a s  a r e s u l t  
of channel scouring (hor izonta l  hatching) .  The maximum scouring 
e f f e c t  occurred before the maximum water discharge. " 

-- - FIGURE 25 : TIME DEPENDENCE OF TURBIDITY AND SEDIMENT DISCHARGE FOR 
--------P-- - - " - - - - - - - - - - - " - - - - - - ~  ------___---- -"- -- 

STREAM RISE DURING LOW-WATER YEARS (A) AND DURING HIGH WATER YEARS (B). 

AFTER CHEBOTAREV (1966) 

Chebotarev explained t ha t  during a year of high flow channel erosion 

markedly increases, leading to  the formation of the second turbidi ty  

peak. Investigations a t  four s i t e s  along the Volga River showed t ha t  the 

coincidence o r  non-coi nci dence of the turbi di ty peaks with the discharge 

peaks depend on the discharge, water velocity,  and type of channel bed. 

"Another factor influencing the above characterist ics i s  the  amount of  

erosion occurring i n  the  watershedN. The i t a l i c s  in the above quote are  mine. 

I t  i s  our view in  South Africa tha t  i t  i s  indeed the ava i l ab i l i t y  of 

sediment from the catchment which controls the double-peak phonomenon we 

have observed (see Technical Report No 87).  

8.2 Bed load, suspended load and wash load 

Even the nomenclature in  sediment transport  studies has been a source of 

differences of opinion. A1 l agree tha t  sediment par t i c les  are  transported 

by being maintained in  suspension in  the flowing water o r  by being rol led 

along the bed, e i t he r  continuously o r  discontinuously. The arguments 

centre around whether o r  not these forms of transport  are  a s ingle  process 

and can therefore be described by a single mathematical expression or  not. 



I share t he  view t h a t  these a r e  d i f f e r e n t  modes o f  t r a n s p o r t  w i t h  d i f f e r e n t  

d r i v i n g  fo rces  and t h e r e f o r e  t hey  can n o t  be descr ibed  by  a  s i n g l e  

mathematical  f u n c t i o n .  Many w i l l  d isagree.  

Perhaps t h e  s a f e s t  c a t e g o r i s a t i o n  o f  sediment l o a d  i s  t h a t  o f  bed m a t e r i a l  

l o a d  and wash l oad .  The former  i s  t he  m a t e r i a l  which c o n s t i t u t e s  t h e  bed 

o f  t h e  r i v e r  a t  t he  p o i n t  o f  i n t e r e s t .  Look ing a t  t h e  r i v e r  as a  whole, 

t h e  bed m a t e r i a l  w i l l  become p r o g r e s s i v e l y  f i n e r  i n  t h e  downstream 

d i r e c t i o n .  The p r ima ry  source o f  bed m a t e r i a l  i s  t h e  abras ion  and 

d i s i n t e g r a t i o n  of m a t e r i a l  i n  t h e  bed upstream. If a  r i v e r  system i s  i n  

dynamic e q u i l i b r i u m ,  t hen  over  a  p e r i o d  o f  t ime  t h e r e  w i l l  be cons tan t  

r a t e  o f  t r a n s p o r t  of  t h i s  m a t e r i a l  through t h e  system f rom t h e  watershed 

t o  t h e  sea. Th i s  m a t e r i a l  w i l l  be coarse a t  t h e  headwaters and f i n e r   at^-----^---.-- ---"-------"-- --p---- -- --- --- --- 
t he  r i v e r  mouth, b u t  t h e  t o t a l  l o a d  w i l l  be t h e  same. The r a t e  o f  t r a n s p o r t  

w i l l  be determined by  t h e  r a t e  o f  d i s i n t e g r a t i o n  o f  t he  bed m a t e r i a l  and 

degrada t ion  o f  t h e  r i v e r  channel .* 

Wash l oad  i s  t he  m a t e r i a l  which en te r s  t h e  system v i a  su r f ace  e ros i on  o f  

t h e  r i v e r  bas i n .  The sediment c a r r y i n g  capac i t y  o f  sheet  f l o w  over  a  

su r f ace  bo th  v o l u m e t r i c a l l y  as w e l l  as t he  maximum g r a i n  s i ze ,  i s  ve ry  

much l e s s  than t h a t  o f  t h e  combined volume o f  wa te r  once i t  reaches t h e  

dra inage channels.  Wi th  t he  p o s s i b l e  excep t i on  o f  t h e  downstream end o f  

t h e  system, t h e  wash l o a d  e n t e r i n g  a  r i v e r  w i l l  be s i g n i f i c a n t l y  f i n e r  t han  

t h e  bed m a t e r i a l .  As t h e  bed m a t e r i a l  i s  t h e  r e s u l t  o f  t r a n s p o r t  t o  t h a t  - 
p o i n t ,  wash l oad  w i l l  be r e a d i l y  t r anspo r t ed  beyond i t .  I t  i s  p o s s i b l e  

t h a t  t he  coarser  p a r t i c l e s  o f  t h e  wash l o a d  w i l l  become p a r t  o f  t h e  bed 

l oad  a t  a  reach we1 l downstream o f  t he  p o i n t  o f  e n t r y  .* 

A1 l mathematical  express ions r e l a t i n g  t o  t o t a l  sediment l o a d  a re  t h e r e f o r e  

doomed f rom t he  s t a r t  i f  they  a r e  used t o  es t ima te  t h e  sediment l o a d  a t  

a  p a r t i c u l a r  p o i n t  i n  a  r i v e r  assoc ia ted  w i t h  a  p a r t i c u l a r  f l ow ,  because 

t h e  t o t a l  wash l o a d  i s  independent of  t h e  f l o w  c o n d i t i o n s  a t  t h a t  p o i n t .  

However t hey  can be used and presumably t h e  au thors  o n l y  in tended  t h a t  

they  should be used, f o r  e s t i m a t i n g  t he  maximum p o t e n t i a l  sediment l o a d  

(* See t he  a1 t e r n a t i  ve v i s u a l  i s a t i o n  o f  sediment t r a n s p o r t  i n  Technica l  
Report  No 87) 



associated w i t h  the given condi t ions,  whether o r  no t  the t ranspo r t  was 

through suspension o r  movement a long the bed. 

I n  my view even the l a t t e r  assumption i s  tenuous, because as w i l l  be seen 

l a t e r ,  there i s  a  complex, discontinuous r e l a t i o n s h i p  between the  r a t e  

o f  sediment t ranspo r t  and a l l  the o the r  p roper t ies  o f  r i v e r  f l ow  which 

are associated w i t h  energy losses i n  the  system. 

8.3 Co l l o ida l  p a r t i c l e s  

The f i n e s t  sediment cons is ts  o f  c o l l o i d a l  p a r t i c l e s  which are he ld  i n  

suspension by forces .o the r  than the turbulence o f  the water. Therefore 

the  concentrat ion of t h i s  ma te r i a l  i n  the water i s  independent o f  the  f l o w  
"--------p -----p-----vw- 

c h a r a c t e r i s t i c s  and cannot be pred ic ted  by hyd rau l i c  equations. Indeed, 

the presence o f  t h i s  mater ia l  i n  the  water adds t o  the  ava i l ab le  p o t e n t i a l  

energy o f  the stream and i s  no t  a  consumer o f  p o t e n t i a l  energy. 

Maddock (1970) used the c r i t e r i o n  o f  the mean v e l o c i t y  mu1 t i p 1  i e d  by the  

slope which gives the  ' f a 1  l i n g  v e l o c i t y '  o f  a  body o f  water as a  c r i t e r i o n  

and s ta ted  : 

" I f  v.s (mean channel ve loc i ty  times slope) does exceed W ,  ( the  
f a l l  ve loci ty  of the p a r t i c l e )  the p a r t i c l e  adds t o  the energy 
of the stream ra the r  than being a burden on it, which makes the  
determination of the e f f e c t  of small s i z e s  of sediment p a r t i c l e s  
extremely d i f f i c u l t  . It 

8.4 A conceptual puzzle 

I n i t i a l l y  I had a  conceptual problem w i t h  the use o f  v.s as a  c r i t e r i o n  f o r  

determining whether o r  no t  sediment adds t o  the p o t e n t i a l  energy of the  

water body. Consider a  f i n e  g r a i n  o f  sand i n  a  j a r  o f  water. I t w i l l  

s e t t l e  t o  the bottom o f  the  j a r .  Now consider whether the  g r a i n  o f  sand 

w i  l 1  reach the bottom o f  the  j a r  if the j a r  i s  taken down the o f f i c e  l i f t  

which t r a v e l s  f a s t e r  than the s e t t 1  i n g  v e l o c i t y  o f  the  p a r t i c l e .  



If you have resolved that problem consider what would happen i f  you 

used a steel ball instead of a grain of sand and you the dropped the 
container down a mine shaft.  

Now consider what happens to a table tennis ball which s tar t s  off a t  the 

bottom of the jar  which i s  dropped down a mine shaft.  

Lastly, which jar would wreak the greater havoc a t  the bottom of the shaft 

- the one with the steel ball or the one with the table tennis ball ? 

PS What about a steel ball in a ja r  carried in a Mirage j e t  diving - 
towards the ground a t  full throt t le  ? 

I f  you feel that this puzzle i s  t r ivial  bear with me for a while because in 
the sections which follow we will be considering aspects of river mechanics 
where the s ta te  of the a r t  i s  such that even the visualisation of the 
processes i s  s t i l l  in dispute. 

8.5 The mode of sediment t r a n s ~ o r t  

The role of sediment transport in river flow will be discussed in more 
detail later .  In the meantime a l l  that i s  needed i s  an appreciation tha t  
a t  the one end of the scale very fine colloidal material adds to the 
driving forces which mould the shape of rivers,  while a t  the other end of 
the scale large boulders in river beds result in a large increase in 
rotational energy conversion without being moved by the flowing water. I n  
between these limits there i s  a continuous gradation of sediment particle 

size. Depending on the flow conditions (primarily flow velocity) , thi S 

sediment will remain in suspension over long distances, or roll  continuously 
along the bed, or move in leapfrog fashion from dune to dune, or perform 

a succession of these feats.  



9. DEGREES OF FREEDOM 

9.1 The s implest  case - one degree o f  freedom 

So f a r  we have been consider ing the s implest  poss ib le  case - t h a t  o f  

steady f low i n  a  long, uniform, s t r a i g h t  channel o f  f i x e d  slope and bed 

roughness. Under these cond i t ions  the  r i v e r  could on l y  respond by 

ad jus t i ng  i t s  depth o f  f l ow  (and thereby i t s  mean v e l o c i t y  and cross- 

sec t iona l  area) .  I f  the f low,  cross-sect ional  shape, slope, and roughness 

o f  the channel are known, the r e s u l t a n t  depth o f  f l ow  (and consequently 

v e l o c i t y )  can be ca lcu la ted  uniquely by using we1 l -known energy equations 

(eg . Manni ng) . 
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This can be shown schematical l y  as fo l lows :- 

D r i  v i  ng va r i ab le  : Flow r a t e  (steady) 

Contro l  var iab les  : Channel shape ( s t r a i  gh t  , uni  form) 

" slope 

" roughness 

Response var iab les  : Depth o f  f l ow  l uniquely re1 ated 
Ve loc i t y  o f  f l ow  

Degrees o f  freedom : One 

Equations requ i red  : One (eg. Manning) 

9.2 I n t roduc ing  a  mobile bed 

Now consider the case which i s  exac t l y  the same as t h a t  above except t h a t  

the bed (bu t  n o t  banks) o f  the channel cons is ts  o f  f i n e  sand. I f  the 

channel i s  steep enough i t  can take some o f  the sand which cons t i t u tes  the  

bed i n t o  suspension o r  move i t  along the bed. For c o n t i n u i t y ,  assume 

t h a t  the flow en te r i ng  the  reach has the same sediment concentrat ion as 

t h a t  l eav ing  i t  . 



I n  order to ass is t  in visualising the process, assume that the difference 

in elevation between the entrance and exi t  to the reach remains constant 

( i e .  the potential energy per unit volume of water remains constant), b u t  

that the slope i s  increased by decreasing the length of the reach. As 

the channel length i s  decreased, the total area of the channel bed within 
the reach i s  also decreased, and therefore the available potential energy 
expressed in terms of unit channel bed area wi l l increase as the slope 

increases . 

For a very long channel , the slope wi l l be small , and the velocity low. 
If the velocity (and therefore stream power per unit area of channel bed) 

cannot move the sand particles, the effective roughness will be the same as 
that of a fixed bed. 

--M- -we---- -p----p-- ---p-----p-- 

As the channel length i s  decreased, the velocity will reach a value where 
individual grains of sand S t a r t  roll i ng a1 ong the bed. However, 'corrugations ' 
will soon s t a r t  forming in the bed in the form of ripples. As the velocity 
increases, larger dunes of sand form in the river bed. I t  has been observed 
that the dimensions of these dunes are independent of the depth of flow. 

The dunes are formed of bed material. Individual grains of sand move up  
the upstream face of the dune and are deposited on the lee slope where 
rotational flow causes the water to flow in an upstream direction behind 
the dune. 

FIGURE 26 : FLOW PATTERN ASSOCIATED WITH DUNE FORMATION (AFTER ALLEN 1965) 



As the v e l o c i t y  continues t o  increase a stage w i l l  be reached when a 

sudden change takes place. The dunes , w i l l  be o b l i t e r a t e d  and the gra ins  

w i l l  move i n  continuous motion i n  a r e l a t i v e l y  deep sandlwater l a y e r  

along a f l a t  r i v e r  bed. 

When the v e l o c i t y  exceeds c r i t i c a l  v e l o c i t y  i e .  

then dunes s t a r t  forming again, b u t  t h i s  t ime the sand i s  removed from 

the downstream face o f  a dune and deposited on the  upstream face o f  the  

succeeding dune. I n  t h i s  way the dunes themselves are e i t h e r  s ta t i ona ry  
---W-- ----W- - -Q MO v d - ~ ~ ~ m - $ . r i - y l e . ~  Li an - a n d - w ~ l J - e d & ~ ~ e s  ,-.--1k-~dW _I_----- -- - - - 

surface i s  i n  phase w i t h  the  dunes on the  bed. 

(See Figure 27) 

9.3 E f f e c t  o f  sediment t ranspo r t  on f l ow  res is tance 

Many equations have been developed i n  attempt t o  r e l a t e  f low and 

sediment t ranspor t ,  b u t  s t i l l  ser ious d i f ferences o f  op in ion  on the  

basi c  processes remain. Two quotes i l l u s t r a t e  t h i  S .  

Rooseboom quotes ven t e  Chow as s t a t i n g  :- 

"The suspended ma te r i a l  and t h e  bed load ,  whether moving o r  n o t  
moving would consume energy and cause head l o s s  o r  increase  the  
apparent  channel roughness." 

Rooseboom considers t h i s  statement t o  be i n c o r r e c t  w i t h  which I agree. 

However, when en te r i ng  the arena on the  sub jec t  o f  whether o r  n o t  bed l oad  

should be d i f f e r e n t i a t e d  from suspended load, Rooseboom sides w i t h  those 

who main ta in  t h a t  there  should be no d i f f e r e n t i a t i o n  and t h a t  i t  should 

be poss ib le  t o  have a s i n g l e  formula which represents the  t o t a l  c a r r y i n g  

capac i ty  o f  a stream. He supports Yang's equat ion which has the  form :- 



RIPPLES 

Froude number 2 << l 
G 

He igh t  6 - 60 mm 
independent o f  depth 

Flow res i s tance  h i g h  
f u n c t i o n  o f  depth 
independent o f  g r a i n  s i z e  

Bed l o a d  0 - 0,Ol % 

PLANE BED 

Froude number 0 , 3  - 0 ,8  

He igh t  l a r g e s t  g r a i n  s i z e  

Flow res i s tance  low 
independent o f  depth 
dependent on g r a i n  s i z e  

Bed l o a d  0,14 - 0 , 4  % 

Mode cont inuous movement 

Froude number 

He igh t  up t o  2m 
dependent on depth 
dependent on g r a i n  s i z e  

Flow res i s tance  h i g h  due t o  b reak ing  waves 

Bed l o a d  0 , 6  - 1,5 % 

llode e r o s i o n  o f  downstream 
face and depos i t i on  i n  f r o n t  
o f  nex t  dune 

DUNES 

- 
W\ 

Froude number < l 

He igh t  up t o  13m ( I l i s s i s s i p p i )  
amp1 i tude = average water  depth 

Flow res i s tance  h i g h  
independent o f  depth 
dependent on g r a i n  s i z e  
dependent on form roughness 

Bed l o a d  0,Ol - 0,12 % 

llode e r o s i o h  upstream and depos i t i on  
i n  l e e  of dune 

Froude number > 1 

H e i g h t  up t o  2m 
dependent on depth 
0,5 - 0 ,7  X su r face  wave 

Flow res i s tance  low b u t  > p lane bed 

Bed l o a d  0 , 4  - 0 ,7  % 

Mode cont inuous movement 

CHUTES AND POOLS 

Froude number >> 1 

Dimensions much longer  than 
p rev ious  cases 

Flow res i s tance  l a r g e  

Bed l o a d  0 , 6  - 1 , 5  % 

'IGURE 2 7  : HYDRAULIC AND SEDIMENT TRANSPORT 

ROPERTIES OF BED FORMS 



Zog E = a Z o g 7 .  S + B 
4 

where qs and q a re  t he  sediment and water  f lows,  7 the  mean v e l o c i t y ,  

S the slope, and a  and B a re  c o e f f i c i e n t s  

The problem w i t h  t h i s  equat ion i s  t h a t  7 and qs are  bo th  response va r i ab les .  

The mean v e l o c i t y  w i l l  depend on the  bed roughness which depends on t he  

r a t e  o f  sediment t r a n s p o r t  which depends on the  mean v e l o c i t y .  

Rather than t a k i n g  s ides a t  t h i s  e a r l y  stage, l e t  us t r y  t o  v i s u a l i s e  t he  

process. 

- I n  the  case o f  t he  f i x e d  bed roughness s i t u a t i o n ,  we noted t h a t  the  degree 
---P- -M --W----pm- -A---- --.--->--W 

o f  roughness determined how the  t o t a l  a v a i l a b l e  energy was d i v i d e d  between 

ma in ta in i ng  t r a n s l a t i o n a l  ( fo rward)  and r o t a t i o n a l  f l o w  respec t i ve l y .  Th i s  

i n  t u r n  determined the  mean down-channel v e l o c i t y  . 

Now a  t h i r d  energy-demanding v a r i a b l e  has been in t roduced,  namely sediment 

t r anspo r t .  To compl icate mat te rs  the  bed roughness a l s o  changes. As 

t he re  a re  now two degrees o f  freedom, we r e q u i r e  two simultaneous equat ions 

t o  so lve  the problem. 

Ne i t he r  the mod i f i ed  Ch6zy nor  Manning- type equations a re  v a l i d  where some 

o f  the  energy i s  be ing  used t o  t r a n s p o r t  sediment. 

L e t  us leave t h i s  ques t ion  i n  suspension and proceed s t r a i g h t  t o  the  

extreme c o n d i t i o n  where a1 l the  c o n t r o l  va r i ab les  are f r e e  t o  respond t o  

the  s i n g l e  d r i v i n g  v a r i a b l e  - steady f low.  



ENERGY DISTRIBUTION IN A RIVER CHANNEL 

10.1 The process variables 

Consider the situation where a river enters a coastal valley through a 
'poort' with solid bed and flanks which f ix  the position and elevation 
of the river as i t  enters the valley. The only other control i s  mean 
sea level. There are no further lateral or vertical controls so the river 

i s  free to take any course down the valley. For the time being assume 
that there i s  a steady unvarying flow of water in the river and that the 
sediment load entering the valley i s  the same as that washed out to sea. 

Sediment flow rate (constant equal s sediment 
discharge from reach) 

Control variables : Difference in elevation between entrance and 

exi t .  

Response variables : Channel shape (width/breadth rat io)  

Channel length (slope) 
Channel sinuosity 
Water velocity 
Sediment flow rate 

When entering this controversial sea of opinions we can avoid many of the 

p i t fa l l s  which hindered the thoughts of so may others who have considered 
i t  before us by remembering that for a given flow and fixed difference 
in elevation between entrance to and exi t  from the valley the total 

available potential energy i s  constant - the only problem i s  how th i s  

energy i s  distributed among the energy demanding processes along the course 

of the r iver .  



Energy demanding processes 

Energy i s  consumed (converted t o  heat  energy) by the fo l l ow ing  processes 

most o f  which are interdependent. 

A.  Trans ZationaZ movement 

(1) Main ta in ing  forward f low by overcoming the shear res is tance 

w i t h i n  the water body. 

(2)  Main ta in ing  the n e t  forward movement o f  sediment by overcoming 

the g r a v i t a t i o n a l  a t t r a c t i o n  and f r i c t i o n  res is tance o f  the  

sediment p a r t i c l e s .  

B. RotationaZ movement 

Main ta in ing  r o t a t i o n a l  movement o f  water by overcoming shear r e s i  stance 

w i t h i n  the  water body. Rotat ion i s  caused by the f o l l o w i n g  fac to rs  :- 

(3 )  Bed form roughness 

(4 )  R iver  bank roughness 

(5 )  Sudden changes i n  the  cross-sect ional  area o f  the  channel 

( l a t e r a l  as w e l l  as v e r t i c a l )  

( 6 )  Changes i n  the  d i r e c t i o n  o f  f l ow  

(7 )  The d i f f e r e n t i a l  mean v e l o c i t y  o f  separate f l ow  zones such as 

dur ing  overbank f low.  

Erosion and redis tr ibut ion of bed materiaZ 

A r i v e r  w i t h  an appreciable sediment load f l ow ing  through a1 l uvium i s  

never i n  a  s t a t i c  e q u i l i b r i u m  even dur ing  the  assumed c o n d i t i o n  o f  

constant  water and sediment f lows. The ma te r i a l  which c o n s t i t u t e s  

the  channel bed i S i t s e l  f i n  the process o f  be ing  conveyed downstream. 

There i s  a  continuous process o f  e ros ion  and r e d i s t r i b u t i o n  o f  sediment, 

and there fore  consumption o f  energy, as the  r i v e r  maintains i t s  

optimum h y d r a u l i c  p rope r t i es .  These inc lude :- 

(8) Creat ing and main ta in ing  e q u i l  i b r i um bed form roughness i n  

a d d i t i o n  t o  main ta in ing  the forward movement o f  sediment (see ( 2 ) )  



(9 )  Crea t ing  and ma in ta in i ng  the  e q u i l i b r i u m  w id th  and depth w h i l e  

the  meander be1 t migrates downstream. 

(10) Crea t ing  and ma in ta in i ng  the e q u i l i b r i u m  channel s lope ( i e .  
ma in ta in ing  channel s i nuos i t y )  by d i f f e r e n t i a l  e ros ion  and 

r e d i s t r i b u t i o n  o f  sediment a long the  channel banks w h i l e  t he  

meander be1 t mi g ra tes  downstream. 

10.3 Energy d i s t r i b u t i o n  

Given a  constant  water  f l o w  and sediment l oad  p lus  f i x e d  d i f f e r e n c e  i n  

e l e v a t i o n  between the  v a l l e y  entrance and mean sea l e v e l ,  the  t o t a l  r a t e  

o f  energy expendi ture w i t h  t ime i s  constant  and independent o f  a1 l the 

- - cons t ra i  n t s  a1 ong the r i  ver  course 
p-ppp- 

There are  a t  l e a s t  the t en  processes l i s t e d  above which r e q u i r e  an 

a1 l o c a t i o n  o f  the a v a i l a b l e  energy i n  o rder  t o  ma in ta in  the  system i n  

equi l i b r i  um. The. shape o f  the  channel , from bed roughness r i g h t  through t o  

the  w id th  o f  the  f l o o d  p l a i n  i t s e l f  w i l l  depend on how the  a v a i l a b l e  energy 

i S d i  S tr i buted among these processes. 

10.4 Time dependence o f  fo rmat ive  processes 

From the preceding paragraph i t  i s  c l e a r  t h a t  energy i s  r equ i red  n o t  o n l y  

t o  sus ta in  the movement o f  water  and sediment through the  system, b u t  a l s o  

t o  ma in ta in  the  equi  l i b r i  um h y d r a u l i c  p r o p e r t i e s  o f  the  r i v e r  channel. 

I n  the  r e a l  l i f e  s i t u a t i o n  bo th  the water  f l o w  and the  sediment l oad  vary  

over a  wide range w i t h  t ime.  The water lsediment  r a t i o  a l s o  va r i es .  The 

system i s  t he re fo re  i n  a  cont inuous s t a t e  o f  tend ing  towards an e q u i l  i b r i  um 

c o n d i t i o n  associated w i t h  the  water  and sediment l oad  a t  t h a t  moment, b u t  

which changes from day t o  day. 

Some o f  the processes such as sediment t r a n s p o r t  and changes o f  bed forms 

from one type t o  another respond r a p i d l y  t o  changing f l o w  cond i t i ons  and 

can keep pace w i t h  these changes. 



A t  the other extreme, processes such as the maintenace of the channel 

slope can only respond over a long period of time - possibly measured 

in decades - so they will r e f l e c t  long term changes tha t  take place over 

many seasons. 

The comprehensi ve investigations by Ackers and Char1 ton (1970) a t  the 

Hydraulics Research Station in the United Kingdom i l l u s t r a t e  t h i s  time 

dependence very we1 l . 

They cut a s t r a i gh t  trapezoidal channel down the centre of a sand f i l l e d  

s t r i p  about l O O m  long and 10m wide : 

"Immediately a f t e r  t h e  in t roduc t ion  of water and sediment a t  a 
."...-X--------- - --p _- 

cons t a n  t r a t e  i n  t o  t he  tm ~ f ~ t ~ h ~ n ~ i - ~ e ~ p 6 ? ~ - - ^ - x  ----- ---" -- 
r i p p l e s  which were symmetrical about a l ong i tud ina l  l i n e .  Af ter  
a period of 6 t o  24  hours,  t he  symmetry d e t e r i o r a t e d  and shoals  
began t o  form near  t he  s i d e s  o f  t he  channel along i t s  length.  
These were a t  f a i r l y  r egu la r  i n t e r v a l s ,  t he  shoals  forming on 
a l t e r n a t e  s i d e s  of the  channel with deeps near  t he  opposi te  bank. 
The shoals  continued t o  increase  i n  length  and he igh t  while they  
migrated f a i r l y  rap id ly  downstream inc reas ing  t h e i r  p i t c h  a s  
t h e  channel become wider through genera l  bank eros ion  even though 
it remained s t r a i g h t .  Then, almost simultaneously along the  
ahannel,  embayments were eroded i n  the  banks oppos i te  each shoal .  
These expanded, producing a sinuous channel p a t t e r n  i n  p lan ,  and 
a l s o  migrated downstream, although more slowly than t h e  shoals  
had done. 'l 

10.5 Observations of the Orange River a t  Oviston 

The rapidi ty  and sever i ty  of the response of bed and channel forms t o  

changing flow was brought home to  me during the severe flood in  the Orange 

River of February 1967. An extensive but re la t ive ly  f l a t  point bar had 

been developed across the channel by previous flows in  the r ive r .  

, rapids 

point bar 

FIGURE 28 : LOCATION OF THE POINT BAR I N  THE ORANGE RIVER AT  OVISTON. 



During the rising stage of the flood an impressive train of breaking 
anti-dunes developed over the point bar area. The sediment in the point 
bar was clearly being removed a t  a very high rate. Within hours the anti- 
dunes subsided indicating that the bulk of the sediment had been removed 

and that the water velocity had dropped to sub-critical velocity as the 
depth of flow increased. 

There was a dist inct  hump in the water surface a t  the centre of the river 

channel a t  this time which was also reflected in the difference in elevation 
between the water level in the we1 l of the stage recorder and that of the 
gauge plates on the bank of the river - something I was to observe again 

and photograph a t  a bridge across the Orange River near Keimos several 
years la ter .  - --p- 



11. PRIORITIES IN ENERGY DEMAND 

is,  11.1 Water discharge 

No mat te r  how small the d i f f e r e n c e  i n  e levat ion ,  water w i l l  always f l ow  

towards the lowest p o i n t .  I n  the extreme case the f l ow  v e l o c i t y  w i l l  

be so slow t h a t  the  r i v e r  w i l l  be unable t o  move a g r a i n  o f  sediment, and 

c e r t a i n l y  n o t  ab le  t o  a d j u s t  the  shape o f  i t s  cross-sect ion o r  course. 

I n  t h i s  s i t u a t i o n  almost a1 l o f  the  ava i l ab le  energy w i l l  be used i n  

main ta in ing  forward movement o f  the  water by overcoming the  viscous 

shear i n  the immediate v i c i n i t y  o f  the  channel per imeter .  Ve loc i t y  w i l l  be 

constant throughout the  r e s t  o f  the water body, and as there  w i l l  be no 

v e l o c i t y  g rad ien t  there  w i l l  be no shear s t ress  and there fore  no o the r  

energy consumption. 

11.2 Sediment discharge 

S i m i l a r l y ,  when a system i s  i n  e q u i l i b r i u m  the  sediment load l eav ing  the 

system must be equal t o  t h a t  en te r i ng  i t .  This must be so because i f  the 

hyd rau l i c  p rope r t i es  o f  the channel be such t h a t  i t  cannot t ranspo r t  the 

sediment l oad  en te r i ng  it, then the sediment w i l l  be deposited i n  the  

upper reaches o f  the channel and w i l l  cont inue t o  do so u n t i l  the channel 

slope i s  such t h a t  a v e l o c i t y  i s  reached which i s  s u f f i c i e n t  t o  t ranspo r t  

the incoming sediment through the  system. 

l The t ranspo r t  o f  sediment there fore  has second c la im  on the  ava i l ab le  

1 po ten t i  a1 energy. 
1 _^ I_--up" --_"- I--- _.---4 ,-v_ll 

11.3 Creat ion o f  bed forms 

I n  the low v e l o c i t y  range, the i n d i v i d u a l  sediment p a r t i c l e s  are prope l led  

along the r i v e r  bed, b u t  r i p p l e s  are soon formed such t h a t  sediment i s  

scoured from and c a r r i e d  up the  upstream slope o f  a r i p p l e  and deposited 

on the l e e  slope. As the  v e l o c i t y  increases l a rge  dunes are formed i n  the 

r i v e r  bed by the same process. 



The t r a n s p o r t  o f  bed l o a d  sediment t h e r e f o r e  cannot take  p l ace  w i t h o u t  

t h e  de fo rmat ion  o f  t h e  bed i n t o  a  r i p p l e  o r  dune f i e l d  which imposes 

another  energy demand. 

A  r i v e r  f l o w i n g  i n  a l l u v i u m  must a t  a l l  t imes and a t  a l l  p o i n t s  a long  

i t s  course t r a n s p o r t  t h e  m a t e r i a l  i n  t h e  r i v e r  bed a t  a  r a t e  which ma in ta i ns  

t h e  system i n  e q u i l i b r i u m .  I f  t he re  i s  an i nc rease  i n  v e l o c i t y ,  t h e  

f o l l o w i n g  r e a c t i o n s  w i  l l f o l  l ow : - 

( i )  The shear f o r c e  a long  t h e  bed w i l l  i n c rease  and more m a t e r i a l  w i l l  

be taken i n t o  suspension. Th is  w i l l  reduce t h e  energy a v a i l a b l e  

f o r  t h e  fo rward  movement o f  wa te r  and so w i l l  t end  t o  reduce t h e  

v e l o c i t y .  Th i s  w i l l  s t a b i l i s e  t h e  v e l o c i  t y / t r a n s p o r t  r a t e  on i t s  

own even i f  no o t h e r  processes a r e  i n v o l v e d  which i s  n o t  t h e  case. 

( i i )  A  secondary r e s u l t  o f  t h e  inc rease  i n  sediment movement i s  t h a t  t he  

bed r e s i s t a n c e  t o  f low changes. I t  may i nc rease  o r  decrease t h e  

t r a n s l a t i o n a l  v e l o c i t y  depending on t h e  i n i t i a l  s t a t e .  

( i i i )  Another secondary e f f e c t  o f  t h e  i nc rease  i n  sediment movement i s  

a  change i n  e i t h e r  t he  magnitude o r  t h e  t ype  o f  bed form. Th i s  can 

a1 so e i  t h e r  inc rease  o r  decrease t h e  r o t a t i o n a l  v e l o c i t y  . 

React ions ( i i )  and ( i i i )  a r e  s t a b l e  i f  t hey  tend  t o  reduce t h e  p r o p o r t i o n  

o f  p o t e n t i a l  energy a v a i l a b l e  f o r  m a i n t a i n i n g  t r a n s l a t i o n a l  v e l o c i t y ,  b u t  

t h e  process becomes uns tab le  when t h e  reverse  occurs.  Th i s  en ---p---- - 
P-- 

c r i t i c a l  v e l o c i t y  i s  approached. Dunes a re  washed o u t  by t h e  h i g h e r  

v e l o c i t y  and sediment i s  t r anspo r t ed  i n  a  cont inuous sheet  c l ose  t o  t he  

bed (see para 9.2) 

When sediment i s  be i ng  t ranspor ted ,  t h e  f a s t  response processes achieve 

t he  equi  l i b r i  um c o n d i t i o n  by m a i n t a i n i n g  a  ba lance between t h e  r e l a t i v e  

p ropo r t i ons  o f  t h e  t o t a l  p o t e n t i a l  energy used f o r  : 



( i )  Maintaining water transport  ( t rans la t ion  and rota t ion)  

( i i )  Maintaining sediment transport .  

( i  i  i  ) Maintaining rapid response hydraul i c charac te r i s t i cs .  

Slow response channel forms 

He1 icoidal flow i s  responsible fo r  the se lect ive  erosion and deposition 

of sand bars on a1 ternate  banks of the r i ve r ,  while the reversal of the 

direction of rotation of the main helicoidal component causes (o r  i s  i t  

the consequence of? )  the development of meanders which are  the energy 

demanding character is t i  CS which have the longest response time. 

11.5 Relationships between discharge, bed forms, and re la t ive  energy consumption 

The three diagrams in  Figure 28 are my schematic visual isa t ion of how the 

avai lab1 e potential  energy i s  consumed during the various processes which 

take p1 ace wi thin a r ive r  channel . I have shown the re1 ationships as 

being l inear  in  the absence of information on t he i r  actual form. The 

re1 a t i  ve proportions are di agramati c only fo r  the same reason. 

The point ' a '  marks the discharge a t  which transport  of bed material s t a r t s .  

This must be concurrent with the formation of r ipples and then larger  dunes 

as discharge increases.  Between ' a '  and ' b '  bed form s ize  increases and 

a greater proportion of the available potential energy i s  converted into  

rotational energy. This i s  evident by the increasing magnitude of the 

' bo i l s '  of water tha t  dominate the water surface pattern a t  high flows. 

When the discharge reaches point ' b '  , the bed forms can no longer withstand 

the increased t rac t ive  force associated with the increased velocity.  The 

bed forms col lapse causing a sudden decrease in effect ive  channel roughness, 

and consequent decrease in rotational energy demand, and increase in 

t ransla t ional  energy. As a resu l t  there i s  a sudden fur ther  increase in 

velocity and decrease in  depth of flow. 

A t  point ' c '  the discharge i s  such tha t  the velocity equals the c r i t i c a l  

velocity given by :- 



Discharge --+- 

Discharge ------c pm----- --- p---- ----.---- 

Commencement of energy demand 

FIGURE 28 : DIAGRAMATIC REPRESENTATION OF RELATIVE ENERGY DEWNDS. 



v Froude nwnber = - = 1 
m- 

Above thi  S discharge ant i  -dunes are formed. When these break, additional 

energy increases l i nearly wi t h  increasing discharge . Figure 28 C shows 

how addi t ional energy demanding processes come in to  play as the discharge 

increases.  The representation i S diagramati c only. 

11.6 A puzzle concerning the ra te  of sediment transport  

This i s  an opportune moment to  return to  the subject  of sediment transport  

which we l e f t  in  obeyance in  paragraph 8.5. 

One aspect of sediment transport  tha t  has been badly neglected in  the 

l i t e r a t u r e  i s  the question 'how does a r ive r  maintain an equilibrium under 

conditions of varying flow r a t e  and varying sediment concentration ?l 

Few will contest  the following statements :- 

( i )  A r ive r  flowing i n  alluvium wil l  a t  a l l  times transport  the material 
which const i tu tes  the r i ve r  bed a t  the maximum potential r a te  

associated with the prevailing hydraulic conditions . 
( i i )  This maximum ra t e  i s  strongly re la ted to  the ra te  of water flow, 

and increases exponential ly  with r ive r  flow. 

( i i i )  The suspended sediment load of a r ive r  (and therefore sediment 

concentration) varies over a wide range during a s ingle  flood as 
- -- ---- ----- ------. -.--U-m x e U o r  -__- 

I t  i s  the l a s t  statement which introduces the puzzle. Seemingly there 

must be active aggradation and degradation of the channel bed during the 

passage of a s ingle  flood and from season t o  season. 

A l i t t l e  more thought must bring one t o  the conclusion tha t  there can be 
no long term equilibrium i f  the transport  of sediment i s  a function of 

water flow alone. As many r ivers  are in equilibrium despite wide changes 

in  sediment concentration the three statements above must be incomplete. 



I n  my view the answer t o  the puzzle i s  s imple.  The reason why i t  has 

n o t  been g iven the a t t e n t i o n  i t  deserves i s  the  wide, and t o  a  l a r g e  

e x t e n t  unavoidable, discrepancy between the  a r t i f i c i a l  cond i t i ons  i n  a  

l a b o r a t o r y  and the ac tua l  cond i t i ons  i n  the  f i e l d .  

Most l a b o r a t o r y  s tud ies  have been c a r r i e d  o u t  i n  s t r a i g h t  f lumes w i t h  

un i f o rm ly  graded sediment. 

J u s t  as no r i v e r  f o l l ows  a  s t r a i g h t  pa th  so too  i s  the  ma te r i a l  i n  a  r i v e r  

bed never uni formly graded. A1 though the  average s i z e  o f  t he  bed ma te r i a l  

w i l l  decrease down the  l eng th  o f  the r i v e r ,  branch streams w i l l  gene ra l l y  

i n t r oduce  ma te r i a l  which i s  coarser  than t h a t  i n  the main channel. Bank 

e ros ion  i s  a  f u r t h e r  source o f  coarser  m a t e r i a l .  To some e x t e n t  the  r i v e r  

w i l l  a d j u s t  i t s  g rad ien t  a t  stream conf luences where the  two streams have 

s i g n i f i c a n t l y  d i f f e r e n t  sediment concent ra t ions  and g r a i n  s i z e  d i s t r i b u t i o n s .  

A  s i n g l e  f l o o d  does n o t  sweep the r i v e r  channel c lean o f  even the  f i n e r  

sediment. The reason f o r  t h i s  i s  t h a t  bed l oad  ma te r i a l  i s  n o t  i n  

cont inuous s t a t e  o f  movement. Even du r i ng  h igh  f loods  t h i s  ma te r i a l  w i l l  

spend a  l a r g e  p ropo r t i on  of the t ime b u r i e d  i n  bed forms and channel bars,  

and t he re fo re  i t s  n e t  r a t e  o f  downstream movement i s  considerably  l e s s  than 

t h a t  o f  water  f low.  

A t  any one t ime the  r i v e r  bed w i l l  c o n s i s t  o f  a  f a i r l y  wide range o f  

sediment s izes .  These w i l l  n o t  be un i f o rm ly  mixed b u t  w i l l  be segregated 

by the  non-uniformi t y  o f  the  v e l o c i t y  a t  the  c ross-sec t ion  as w e l l  as t h e  
-----p 

pp------ 

d i f f e r e n t  modes o f  sediment t r a n s p o r t  t h a t  o f t e n  occur  w i t h i n  a  s h o r t  

reach o f  the r i v e r .  



11.7 Sediment sor t ing in  a l luvial  channels 

Rana, Simons and Mahmood parti  a1 ly  rec t i f i ed  the neglected studies on 

the e f f ec t  of sediment s i z e  in  1973. They s ta ted  :- 

"The hydraulic s o r t i n g  of bed sed iment~  primarily occurs through 
d i f f e r e n t i a l  t ranspdr t  of sediment s i z e s  forming the bed 
mater ia l .  A s  a  r e s u l t  the  so r t ing  phenomenon is  affected by 
a l l  the  var iables  involved i n  the t ranspor t  phenomenon. These 
var iables  include the channel discharge, energy gradient  of flow, 
bed forms, regime of flow, bed mater ia l  discharge., and proper t ies  
of the channel, f l u i d ,  and the  bed mater ia l  ... l o c a l  so r t ing  
occurs over longi tudinal  d is tances  smaller than a bed form length,  
and the  progressive s o r t i n g  takes place over distances many times 
l a rge r  than the  length of the  bed forms. Local so r t ing  can be 
fu r the r  divided i n t o  two p a r t s  r e l a ted  t o  the  mode of t ranspor t ,  
i e .  due t o  the t ranspor t  a s  suspended load and a s  bed load. .... 
i n  na tu ra l  channels, a  number of extraneous var ia t ions  i n  bed 
mater ia l  s i z e  a re  superimposed on the  s i z e  changes caused by 
progressive so r t ing .  These extraneous s i z e  va r i a t ions  a re  caused 
by the introduction of sediments with d i f f e r e n t  s i z e s  and gradations 
from t r ibu ta ry  inflows and bank erosion ...." 

"Another d i f f i c u l t y  i n  the  study of longi tudinal  so r t ing  is  re la ted  
t o  the separation of cause and e f f e c t  i n  a l l u v i a l  channel phenomena. 
Both the  energy slope and bed mater ia l  s i z e  generally decrease i n  
the  downstream d i rec t ion  of an a l l u v i a l  channel. In  such ins tances ,  
it is  d i f f i c u l t  t o  decide whether the  slope i s  the cause o r  the  
e f f e c t  ....." 

While these authors were very much aware of the influence of non-homogeneity 

of bed material on channel character is t ics  they did not cover t h i s  aspect 

i n  t h e i r  paper. 

Also in 1973 Ackers and White proposed a new approach and analysis on 

sediment transport .  Their paper i s  very interes t ing b u t  they acknowledged 

tha t  "... Further work i s ,  however, required t o  study the  e f f e c t s  of graded 

sediments and of unsteady flow conditions." 

11.8 Sediment transport  equations 

Wash load i s  dependent on the ra te  of sediment production within the 

catchment and i s  independent of r ive r  flow. I t  can therefore not be included 

in sediment transport  equations. Sediment transport  equations fo r  the bed 

load can a t  best  only be expected to  give approximate resu l t s  because of 

the following :- 



( i  ) The v a r i a b i l i t y  o f  the  sediment s i zes  a t  a  g iven  sec t i on  of t he  

r i v e r .  

( i i )  The complex r e l a t i o n s h i p  between bed form and sediment t r a n s p o r t  

r a te ,  i n c l u d i n g  the d i s c o n t i n u i t y  when c r i t i c a l  v e l o c i t y  i s  

approached. 

( i i i )  The armouring e f f e c t  o f  t he  l a r g e r  s izes  which p r o t e c t  the  f i n e r  

mater i  a1 from eros ion .  



PROPERTIES OF A MEANDERING RIVER 

12.1 Meander dimensions 

By now i t  will be apparent that rotational flow i s  present in all  b u t  

the slowest moving water. Secondly no river outside a laboratory ever 

s tar ts  i t s  l i f e  flowing in a straight course. We should therefore not 

be surprised to find that rivers follow an irregular course, b u t  the 

question remains why does a river flowing in alluvium so often follow 
a regular si nousoi dal meandering course ? 

Leopold and Langbein (1966) made the succinct observation that :- 

"Meanders w i l l  usually appear wherever the r i v e r  t raverses  a 
gent le  slope i n  a medium consis t ing of fine-grained material  
t h a t  i s  e a s i l y  eroded and t ransported but has suf f ic ient  
cohesiveness t o  provide f i r m  banks. " 

The i ta l ics  are mine. This i s  a very important qualification as will be 

seen later .  

First of a l l ,  some definitions :- 



/L, = meander s inuosi ty  
= meander amplitude 
= radius of curvature 
= channel width 

/not i l l u s t r a t e d :  D = channel depth 

S, = channel slope 
S v = val ley  slope 
Q = water discharge 
Qs = sediment discharge 
ds = median p a r t i c l e  

diameter of bed 
material  

flood plain 
/ / // ,,p 

FIGURE 30 : MEANDER PATTERN GEOMETRY. 

The main dimension o f  i n t e r e s t  i s  the  e x t e n t  t o  which the  r i v e r  course 

deviates from a  s t r a i g h t  l i n e .  The accepted term f o r  t h i s  i s  channel 

s i n u o s i t y  a1 though t h i s  does n o t  necessar i l y  imp ly  t h a t  the  shape i s  

t h a t  of a  s i n e  curve. Some authors use the  term t o r t u o s i t y  b u t  t h i s  

imp1 i e s  i r r e g u l a r i t y  which i s  a l s o  n o t  what we have i n  mind. 

S i n u o s i t y  i S determined by d i v i d i n g  the thalweg l eng th  , ( t h read  o f  deepest 

f low) by the  s t r a i g h t  d is tance  between two p o i n t s  which mark the  l i m i  t s  o f  

a  complete meander cyc le .  

Channel s lope and v a l l e y  s lope a re  eas ie r  t o  conceive than t o  measure. 

The o the r  dimensions are s t r a i g h t  forward. 



12.2 Regime theory 

In the context of regime theory, earth canals with known cross-sectional 

shapes, water and sediment flows, and bed material have three degrees of 

freedom - flow depth, water surface width, and adjusted slope. A fourth 

degree of freedom ex is t s  in r iver  channel flow - the freedom to meander. 

A r ive r  o r  canal which had attained an equilibrium condition was said 

to  be ' in regime' . Empirical relationships were developed from observations 

of canals and r ivers  tha t  had reached an equi l i b r i  um condition and these 

relationships were applied when i r r iga t ion  canal S were constructed. 

These properties of canals and r iver  channels were studied extensively jus t  

before the turn of the l a s t  century when i r r iga t ion  engineers in  India 

were faced with the problems of scour and sediment deposition within the 

large unl i ned i r r iga t ion  canal S .  The engineers were unable to  develop 

theoretical  re1 ationshi ps between the principal dimensions and character is t i  CS 

shown in  Figure 30, and had t o  f a l l  back on an analysis of observed 

relationships.  For example there i s  a very good correlation between channel 

width and meander s inuosi ty ,  but poor correlation between sinuosity and 

the other variables . 

Professional Paper No 5 issued by the then Department of I r r igat ion (now 

Water Affairs)  in 1919 was based on a paper by Kennedy i n  1895. The t i t l e  

of the Professional Paper was "Slopes fo r  flood furrows from very muddy 

r ivers ."  The introduction to  the tables  which followed was a very 

pragmatic approach to  the subject  : - 

"In choosing between a s teep and a gent le  slope the  following 
considerations must be weighed agains t  each other.  

For the  s teeper  slope there i s  a gain i n  smaller  sec t iona l  elevation,  
a l s o  a saving i n  annual s i l t  clearance and probably a gain i n  
f e r t i l i s i n g  value on the land. On the  o the r  hand, headworks may 
have t o  be higher and more expensive, o r  a smaller a rea  of land 
commanded and there  may be addi t ional  c o s t  i n  r epa i r s  due t o  scour. 

When the  good land is a t  a l eve l  and i n  excess of requirements, and 
when the  furrow can be passed over rock a t  i n t e r v a l s  and s i l t  i s  
benef ic ia l  f o r  the land, then the  s teeper  slope which w i l l  carry 
s i l t  and sand along has every advantage. 



We have very l i t t l e  information a s  t o  what i s  the  g e n t l e s t  
slope t h a t  w i l l  car ry  sand and s i l t .  The most extensive 
r e s u l t s  a re  those of Kennedy i n  India.  He found t h a t  the  
c r i t i c a l  veloci ty  (Vo) which would ne i the r  s i l t  nor scour was 
a function of the  depth only, and could be expressed f o r  c e r t a i n  
r i v e r  by 0 .84d0 .6~  (d = depth) .  I t  should be observed t h a t  (1) 
the smallest  depth observed was 2.2 ' .  The low values of Vo below 
t h i s  depth do not  seem t o  be reasonable; (2 )  t h a t  he was dealing 
with canals which run throughout the  year ,  and a c e r t a i n  amount 
of the s e l f  cleaning was done i n  low water periods when the s i l t  
charge was low. In  f lood r i v e r s  t h i s  cleaning period is much 
shor ter .  ( 3 )  The s i l t  and sand were probably not  a s  coarse as  
i n  some of the South African r ive r s .  

For these reasons the  formula has been modified s o  a s  t o  give 
higher values of Vo, and i n  such a way as  t o  produce a r e l a t i v e l y  
g rea te r  increase f o r  small depths." 

"In the  at tached t a b l e s  the  following o the r  l imi t ing  conditions 
have been adopted :- 

D discharge between 3 and 500 cusecs 
S slope S " 1/500 and 1/3000 
d depth d " 1 f t .  and 5 f t .  
b bottom width 2 not greater  than 4 and not l e s s  than 1/10. 

b 

Side slopes of 2 on 1 have been adopted and Kut te r ' s  'N' = 0.025. 

For each depth the  minimum velocity a s  l imi ted  by these considerations 
i s  indicated above by a dotted l i n e  and the.maximum by the  f u l l  
lower l i n e  ." 

The empirical relationships derived from regime theory have to be used with 
care when applied to conditions significantly different from those studied. 

Nevertheless they do give a useful f i r s t  estimate of the likely values. 

12.3 Law of uniform energy loss per unit channel length 

In 1966 Leopol d and Langbei n ,  Chief Hydrol ogi s t  .and Research Hydrol ogi S t 
respectively of the U.S. Geological Survey stated :- 



"It was a s  i f  the  r i v e r  had, t o  use somewhat anthropomorphic 
terms, chosen t o  c u t  a meander curve i n  order t o  achieve a 
more uniform water surface p r o f i l e .  This suggested t h a t  the 
r i v e r  had chosen the  curved path i n  order t o  achieve the 
object ive  of uniform energy loss  f o r  each u n i t  d is tance  along 
the  channel, but had paid a price i n  terms of the larger to ta l  
energy Zoss inherent i n  a curved path." 

Once again the i t a l i c s  are mine. As we have seen the l oss  i n  p o t e n t i a l  

energy measured down the v a l l e y  i s  independent o f  the  l eng th  o f  the 

channel. The statement i n  i t a l  i CS i s  there fore  i n c o r r e c t  - there  i s  no 

change i n  the t o t a l  energy loss,  and thus no p r i c e  t o  be paid.  What the 

increased curvature does i s  t o  decrease the  r a t e  o f  energy expenditure 

per  u n i t  l eng th  o f  channel. The greater  the channel length  the l ess  the 

amount o f  energy ava i l ab le  per  u n i t  length  o f  channel and there fore  less  

energy per  square metre o f  channel per imeter ,  there fore  l ess  energy f o r  

e ros ion  and r e d i s t r i b u t i o n  o f  sediment. 

These two authors a lso  l i kened  channel s i n u o s i t y  t o  the shape t h a t  a s t r i p  

o f  sp r i ng  s tee l  takes when i t  i s  bent .  This shape i s  such t h a t  the  energy 

app l ied  i n  deforming the s t e e l  i s  un i fo rmly  d i s t r i b u t e d  along i t s  length.  

They then demonstrated t h a t  sine-generated curves using a mathematical 

random walk technique had the proper ty  o f  min imis ing the sum o f  the  squares 

o f  the changes i n  d i r e c t i o n  and t h a t  t h i s  i s  a l so  the curve o f  minimum 

t o t a l  work i n  bending. 

12.4 An impossible task 

--*-<" ----- 
-----"----"--U --U---" ---W- 

I n  1970 Maddock a research hyd ro log i s t  i n  the Uni ted States G e o m m w - ' " - -  I---" 

Survey s ta ted  :- 

"Much e f f o r t  has been expended i n  attempting t o  es tab l i sh  determinate 
r e l a t i o n s  f o r  the solut ion of the  dual problems of res is tance  t o  
flow and sediment t ranspor t  i n  a l l u v i a l  channels. The t h e s i s  
here in  i s  t h a t  t h i s  i s  an impossible task ."  

Despite h i s  pessimism he d i d  draw some p e r t i n e n t  conclusions; which I 

have paraphrased as fo l lows : 



(i) F i e l d  and labora tory  d a t a  i n d i c a t e  t h a t  t h e  r e l a t i o n s  among 
width, depth,  v e l o c i t y ,  and s lope  a r e  inde termina te  unless  
t he  c o n s t r a i n t s  on t h e  development of bed forms a r e  known. 

(ii) Although t h e  hypothesis  t h a t  each bed form has a  c h a r a c t e r i s t i c  
r a t e  of  t r a n s p o r t  is  t r u e ,  t h i s  eva lua t ion  i s  d e f i c i e n t  when 
it does no t  recognise t h a t  bed form i s  a l s o  t h e  mechanism by 
which dynamic equi l ibr ium i s  maintained. 

(iii) Bed form i s  t h e  most qu i ck ly  and e a s i l y  ad jus ted  dependent v a r i a b l e  
i n  n a t u r a l  and a r t i f i c i a l  channels.  I n  both types of channel,  b u t  
p a r t i c u l a r l y  i n  r i v e r s ,  l o c a l  and sometimes sho r t - l i ved  changes i n  
bed conf igura t ion  a r e  t h e  means by which dynamic equi l ibr ium is  
maintained,  (see a l s o  para  10.5 above). 

( i v )  I n  a l l u v i a l  channels ,  width is  more r e a d i l y  ad jus t ab l e  than  s lope ,  
b u t  t h e  adjustment  i s  slow, p a r t i c u l a r l y  when a t r end  toward 
reduct ion  i n  width i s  requi red .  Furthermore, width i s  subject t o  
aZmost catastrophic change i n  times of fZoods of unusuaZ magnitude 
and duration (my i t a l i c s  and my exper ience as we1 l I) 

( V )  The combination of  a  qu ick ly  ad jus t ab l e  bed form, slowly o r  e r r a t i c a l l y  
ad jus t ab l e  width,  and uncer ta in  ad jus t ab l e  s lope  i s  accompanied by 
unpredic tab le  behaviour of  n a t u r a l  s t ream channels.  Thus, t h e  
behaviour of n a t u r a l  a l l u v i a l  channels cannot be p red i c t ed  from 
flume s t u d i e s  o r  by any o the r  approach, and, it is  impossible t o  
f o r e c a s t  p r e c i s e l y  what w i l l  happen a t  any one p o i n t ,  i n  p lace  o r  
i n  time, i n  any channel with a  movable bed. 

( v i )  Because it i s  impossible  t o  have an a l l u v i a l  channel t h a t  w i l l  remain 
i n  equi l ibr ium under a  wide range of  d i scharges  of  water  and sediment. 
problems a s soc i a t ed  wi th  a l l u v i a l  channels can and must be resolved 
only  by recognis ing  and accept ing  t h e  l e s s e r  of a  good many e v i l s .  
(By e v i l s  I assume Pladdock meant undes i rab le  consequences o f  man- 
made i n t e r v e n t i o n ) .  

12.5 The B r i t i s h  view 
p -M------ --- 

p- 

Also i n  1970, Ackers and Char1 t o n  r epo r t ed  on t h e i r  l a r g e  f i e l d  sand-bed 

exper iments  a t  t h e  Hydraul i c s  Research S t a t i o n  i n  Wal l i n g f o r d ,  England. 

And here i s  a summary o f  t h e  p o i n t s  they  made : 

(i) Inherent  i n  t h e  major i ty  o f ,  i f  no t  a l l ,  s t reams a r e  fo rces  which 
oppose t h e  maintenance of a  s t r a i g h t  channel.  

(ii) In  s p i t e  of var ious  hypotheses, t he  t r u e  cause of  meandering is  s t i l l  
obscure.  There e x i s t s  no gene ra l ly  accepted means of  p red i c t i ng ,  



under given condit ions of f l u i d  and sediment f lux,  whether 
meanders w i l l  occur, although there  i s  considerable empirical 
information which i s  of value i n  predic t ing aspects of the 
geometrical p a t t e r n  which may r e s u l t .  

(iii) I n t u i t i v e l y  the  geometrical dimensions of a meandered channel may 
be dependent on :- 
(a)  the  discharge and i t s  var ia t ion with time 
(b) t h e  slope of the  valley 
(c)  the  r a t e  of sediment t ranspor t  
(d) the  res i s t ance  of the bed and banks t o  movement which i n  

tu rn  i s  dependent on grain s i z e ,  s p e c i f i c  gravi ty  and 
cohesive s t rength  

(e)  the  v i scos i ty  and density of the  l iqu id .  

( i v )  Many repor ts  on meandering channels have been wri t ten ,  some being 
based on small sca le  laboratory experiments and some on the analys is  
of f i e l d  sca le  da ta ,  and almost a s  many hypotheses have been put 
forward t o  explain why r i v e r s  meander. The purpose of the present  
s e r i e s  of experiments was t o  add t o  the  fund of data i n  the hope 
t h a t  by conducting research under control led  conditions available 
i n  the laboratory g rea te r  confidence could be placed i n  the relevance 
of the r e s u l t s  f o r  p r a c t i c a l  condit ions i n  nature.  

12.6 Theoretical support from the USA - the law of l e a s t  ra te  of energy 
expenditure 

In 1971 Yang of the I l l i n o i s  Sta te  Water Survey provided strong theoretical  

support to  the experimental observations of Ackers and Charlton. 

Here are some quotes. 

(i) The only useful  energy nature provides t o  a u n i t  mass of raindrops 
f a l l i n g  on the  slope of a watershed ( 'catchment'  i n  South Africa !) 

-0tentla - 
poten t i a l  energy i s  the source of energy t h a t  gives overland 
streamflow the a b i l i t y  t o  carve channels and form a stream network. 
The d i s t r i b u t i o n  and expenditure of t h i s  p o t e n t i a l  energy along 
the course of flow w i l l  determine the shape of the stream channels 
and the form of the  stream network. Hence the shape of a l l  streams 
observed today should be the cumulated r e s u l t  of the d i s t r ibu t ion  
and expenditure of po ten t i a l  energy along t h e i r  course of flow i n  
the pas t  mill ion years.  From t h i s  s t a r t i n g  point ,  the study of 
stream morphology can be s impl i f ied .  

Yang then s ta ted his law of l e a s t  r a t e  of energy expenditure : 
























































