
I V .  BASIC CONCEPTS OF OPEN-CHANNEL FLOW 

4.1 I n t r o d u c t i o n  

Unders tanding t h e  b a s i c  c o n c e p t s  o f  open-channel f low i s  n e c e s s a r y  t o  

p r o p e r l y  d e s i g n  t h e  channe l s  r e q u i r e d  on s u r f a c e  mine o p e r a t i o n s .  I n  open- 

channe l  f low,  t h e  wa te r  s u r f a c e  i s  n o t  conf ined .  S u r f a c e  c o n f i g u r a t i o n ,  f low 

p a t t e r n  and  p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  f low depend on g r a v i t y .  I n  

r ig id-boundary open-channel f low,  no deformat ions  o r  movements o f  t h e  bed and  

banks  a r e  cons idered ,  whereas i n  mobile-boundary h y d r a u l i c s  t h e  bed con- 

f i g u r a t i o n  depends on t h e  flow. D i s c u s s i o n s  i n  t h i s  c h a p t e r  p e r t a i n  p r i m a r i l y  

t o  r ig id-boundary open-channel f low,  s i n c e  t h e y  a r e  most a p p l i c a b l e  t o  d i v e r -  

s i o n  channe l  d e s i g n  i n  t h e  E a s t e r n  Coal Province.  P a r t  I1 p r e s e n t s  t h e  

movable boundary h y d r a u l i c s  n e c e s s a r y  f o r  d i v e r s i o n  channe l  d e s i g n  i n  sandy 

s o i l s .  For g r e a t e r  d e t a i l  t h a n  what i s  p r e s e n t e d  h e r e ,  r e f e r  t o  any b a s i c  

f l u i d  mechanics t ex tbook .  

4.2 Paramete rs  D e s c r i b i n g  t h e  Hydrau l ics  o f  Open-Channel Flow 

4.2.1 Genera l  

A l l  v a r i a b l e s  used  i n  f l u i d  mechanics and  h y d r a u l i c s  f a l l  i n t o  one o f  

t h r e e  c l a s s e s :  t h o s e  d e s c r i b i n g  t h e  boundary geometry, t h o s e  d e s c r i b i n g  t h e  

f low,  and  t h o s e  d e s c r i b i n g  t h e  f l u i d  (Rouse, 1976) .  Var ious  combinat ions  o f  

t h e s e  v a r i a b l e s  d e f i n e  p a r a m e t e r s  t h a t  d e s c r i b e  t h e  s t a t e  of f low i n  open 

c h a n n e l s .  Unders tanding t h e s e  v a r i a b l e s  and  p a r a m e t e r s  i s  n e c e s s a r y  back- 

ground knowledge t o  f u t u r e  d i s c u s s i o n s  of e q u a t i o n s  and  fo rmulas  a p p l i c a b l e  t o  

open-channel f low. Some of t h e  more common v a r i a b l e s  and  p a r a m e t e r s  are 

d e f i n e d  below. 

4.2.2 V a r i a b l e s  D e s c r i b i n g  t h e  Boundary Geometry 

Depth of Flow: The d e p t h  of f low d is  d e f i n e d  as t h e  p e r p e n d i c u l a r  
d i s t a n c e  from t h e  bed o f  t h e  s t r e a m  t o  t h e  wa te r  s u r f a c e .  For  c h a n n e l s  
on  m i l d  s l o p e s  t h e  d e p t h  o f  f low i s  o f t e n  approximated by t h e  v e r t i c a l  
d i s t a n c e  from t h e  bed. 

S tage :  The s t a g e  h is  t h e  v e r t i c a l  d i s t a n c e  from any s e l e c t e d  and 
d e f i n e d  datum t o  t h e  w a t e r  s u r f a c e .  

Top Width: The t o p  wid th  T is t h e  wid th  of a s t r e a m  s e c t i o n  a t  t h e  
w a t e r  s u r f a c e  and it v a r i e s  w i t h  s t a g e  i n  most n a t u r a l  channe l s .  



Cross-Sectional Area: The cross-sec t ional  a rea  A is t h e  a rea  of a 
c r o s s  sec t ion  of t h e  flow normal t o  t h e  d i r e c t i o n  of flow. 

Wetted Perimeter: The wetted perimeter P is the  length  of wetted cross  
sec t ion  normal t o  t h e  d i r e c t i o n  of flow. 

Hydraulic Radius: The hydraulic  r ad ius  R is  the  r a t i o  of t h e  cross- 
s e c t i o n a l  a rea  t o  wetted perimeter,  

Hydraulic Depth: The hydraulic  depth 4, is t h e  r a t i o  of t h e  cross- 
s e c t i o n a l  a rea  t o  t h e  top width, 

Water Surface Slope: The s lope  of t h e  water surface  o r  hydraulic  gra- 
d i e n t  i s  denoted by S . 

W 

Slope of the  Energy Grade Line: The energy grade l i n e  i s  a graphica l  
representa t ion  with r e spec t  t o  a se lec ted  datum of t h e  t o t a l  head o r  
energy possessed by t h e  f l u i d .  For an open channel, t h e  energy gradient  
i s  located  a distance ~ ~ / 2 ~  above t h e  f r e e  water surface.  The slope of 
t h e  energy grade l i n e  is  designated by t h e  symbol Sf o r  SE. 

Bed Slope: The bed slope Sb i s  the  longi tudinal  s lope  of the  channel 
bed. 

General formulas f o r  determining area ,  wetted perimeter ,  hydraulic  

r ad ius ,  and top width i n  t rapezoidal ,  rec tangular ,  t r i a n g u l a r ,  c i r c u l a r ,  and 

parabol ic  sec t ions  a r e  given i n  Table 4.1 ( S o i l  Conservation Service, 1954).  

4.2.3 Variables Describing t h e  Flow 

1. Discharge: The discharge Q is  t h e  volume of a f l u i d  o r  s o l i d  passing a 
c r o s s  sec t ion  of a stream per  u n i t  time. 

2. Mean Velocity: The mean ve loc i ty  V = Q/A i s  t h e  discharge divided by 
t h e  a r e a  of t h e  water c ross  sect ion.  

3 .  Drag Force: The drag  fo rce  Fd i s  t h e  fo rce  component exer ted  by a 
moving f l u i d  on any ob jec t  submerged i n  t h e  f l u i d .  The d i rec t ion  of t h e  
fo rce  i s  t h e  same a s  t h a t  of the  f r e e  stream of f l u i d .  

4. L i f t  Force: The l i f t  fo rce  F i s  t h e  fo rce  component exerted on a body 
submerged i n  a moving turbulenk f l u i d .  The fo rce  a c t s  i n  t h e  d i r e c t i o n  
normal t o  t h e  f r e e  stream of f l u i d .  

5. Shear Force: The shear  fo rce  i s  t h e  shear  developed on t h e  wetted area  
of t h e  channel and i t  a c t s  i n  the  d i r e c t i o n  of flow. This fo rce  per  u n i t  
wetted a rea  i s  c a l l e d  t h e  shear  s t r e s s  = 0 

and can be expressed a s  



Table  4.1. Elements o f  Channel Sec t i ons  (from S o i l  Conservat ion Se rv i ce ,  1954 ) .  
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where y is  t h e  s p e c i f i c  we igh t ,  R is t h e  h y d r a u l i c  r a d i u s ,  and  S is  
a  r e p r e s e n t a t i v e  s l o p e .  

4.2.4 V a r i a b l e s  D e s c r i b i n g  t h e  F l u i d  

1 .  Dens i ty :  The d e n s i t y  p  (kg-sec2/m4 o r  l b - s e c 2 / f t 4 )  o f  a  f l u i d  o r  s o l i d  
i s  t h e  mass t h a t  p o s s e s s e s  p e r  u n i t  volume. Both t h e  d e n s i t y  o f  t h e  
water-sediment  m i x t u r e  and  t h e  d e n s i t y  o f  sediment  a r e  i m p o r t a n t  
v a r i a b l e s .  

2 .  S p e c i f i c  Weight: The s p e c i f i c  we igh t  y (kg/m3, ~ / m ~ ,  l b / f t 3  ) i s  t h e  
we igh t  p e r  u n i t  volume. It i s  r e l a t e d  t o  t h e  d e n s i t y  by 

where g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  i n  m/sec2, f t / s e c 2 .  

3 .  S p e c i f i c  G r a v i t y :  The s p e c i f i c  g r a v i t y  
s 

i s  t h e  r a t i o  of t h e  s p e c i f i c  
we igh t  of a  f l u i d ,  s o l i d  o r  f l u i d - s o l i d  mix ture ,  t o  t h e  s p e c i f i c  weight  
o f  w a t e r  a t  4O C o r  39.2O F. 

4. V i s c o s i t y :  V i s c o s i t y  i s  t h e  p r o p e r t y  o f  a  f l u i d  t h a t  r e s i s t s  r e l a t i v e  
motion and deformat ion  i n  t h e  f l u i d  and c a u s e s  i n t e r n a l  s h e a r .  There- 
f o r e ,  v i s c o s i t y  i s  a  p r o p e r t y  e x h i b i t e d  o n l y  under  dynamic c o n d i t i o n s .  
According t o  Newton, t h e  s h e a r  T a t  a  p o i n t  w i t h i n  a  f l u i d  i s  propor- 
t i o n a l  t o  t h e  v e l o c i t y  g r a d i e n t  du/dy a t  t h a t  p o i n t  o r  

where p , i n  kg-sec/m2 o r  l b - s e c / f t 2 ,  i s  t h e  dynamic v i s c o s i t y .  When 
d i v i d e d  by t h e  d e n s i t y  p ,  it i s  t h e  k i n e m a t i c  v i s c o s i t y  v = p/p i n  
m2/sec o r  f t 2 / s e c .  Under o r d i n a r y  c o n d i t i o n s  o f  p r e s s u r e ,  v i s c o s i t y  
v a r i e s  o n l y  w i t h  t empera tu re .  The v i s c o s i t y  o f  a  l i q u i d  d e c r e a s e s  w i t h  
i n c r e a s i n g  t empera tu re ;  t h e  r e v e r s e  i s  t r u e  f o r  g a s s e s .  

4.2.5 Paramete rs  D e s c r i b i n g  Open-Channel Flow 

1. Reynolds Number: The Reynolds number i s  

where V is  t h e  v e l o c i t y ,  L is  a c h a r a c t e r i s t i c  l e n g t h  and  v is t h e  
k i n e m a t i c  v i s c o s i t y .  The Reynolds number r e l a t e s  t h e  i n e r t i a  f o r c e s  t o  
t h e  v i s c o u s  f o r c e s  and  i s  u s u a l l y  i n v o l v e d  wherever v i s c o s i t y  is impor- 
t a n t ,  such a s  i n  slow movement of f l u i d  i n  s m a l l  p a s s a g e s  o r  around s m a l l  
o b j e c t s .  



2.  Froude Number: The Froude number i s  

where g  is  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n .  The Froude number r e l a t e s  
t h e  i n e r t i a  f o r c e s  t o  t h e  g r a v i t a t i o n a l  e f f e c t s  and  i s  i m p o r t a n t  wherever 
t h e  g r a v i t y  e f f e c t  i s  dominating,  such  as w i t h  w a t e r  waves, f low i n  open 
c h a n n e l s ,  s e d i m e n t a t i o n  i n  l a k e s  and  r e s e r v o i r s ,  s a l t  w a t e r  i n t r u s i o n s ,  
a n d  t h e  mixing o f  a i r  masses o f  d i f f e r e n t  s p e c i f i c  we igh t s .  I f  t h e  
Froude number i s  less t h a n  one, e q u a l  t o  z e r o ,  o r  g r e a t e r  t h a n  one,  t h e  
f l o w  i s  d e f i n e d  a s  s u b c r i t i c a l ,  c r i t i c a l  and  s u p e r c r i t i c a l ,  r e s p e c t i v e l y .  
A d d i t i o n a l l y ,  i f  t h e  Froude number i s  less t h a n  one,  t h e  s l o p e  is  con- 
s i d e r e d  h y d r a u l i c a l l y  m i l d  and  when it i s  g r e a t e r  t h a n  one  it i s  con- 
s i d e r e d  h y d r a u l i c a l l y  s t e e p .  

4.2.6 Parameters  D e s c r i b i n g  Boundary Roughness Condi t ions  

1. R e l a t i v e  Roughness: The r e l a t i v e  roughness  i s  

where k  is t h e  h e i g h t  o f  t h e  roughness  e lement  and R i s  t h e  h y d r a u l i c  
r a d i u s .  The i n v e r s e  o f  t h e  r e l a t i v e  roughness  i s  o f t e n  encounte red  i n  
r e s i s t a n c e  formulas .  

2.  P a r t i c l e  S i z e :  The boundary o f  a n a t u r a l  e a r t h e n  channe l  o r  a  rock  
r i p r a p  channe l  i s  composed o f  a v a r i e t y  o f  p a r t i c l e  s i z e s .  The s i z e  
d i s t r i b u t i o n  o f  t h e s e  p a r t i c l e s  is  o f t e n  measured and  e x p r e s s e d  a s  t h e  
p a r t i c l e  d iamete r  f o r  which a  g i v e n  p e r c e n t a g e  o f  t h e  mix ture  i s  f i n e r .  
F o r  example, t h e  DS0 i s  a  common measure o f  t h e  r e p r e s e n t a t i v e  p a r t i c l e  
s i z e  of t h e  channe l  and it i s  e q u a l  t o  t h e  minimum d i a m e t e r  f o r  which 50  
p e r c e n t  o f  t h e  sediment  m i x t u r e  i s  f i n e r .  

4.3 Governing Equa t ions  

I n  r ig id-boundary open-channel f low t h e  e q u a t i o n s  of c o n t i n u i t y ,  energy 

and  momentum govern a l l  f low p r o c e s s e s .  For d i v e r s i o n  channe l  d e s i g n  t h e  con- 

t i n u i t y  and  energy e q u a t i o n s  a r e  most o f t e n  a p p l i e d .  

The c o n t i n u i t y  e q u a t i o n  i n  i t s  s i m p l e s t  form i s  

where Q i s  t h e  d i s c h a r g e  i n  c f s  and V i s  t h e  mean v e l o c i t y  i n  t h e  c r o s s  

s e c t i o n  of a r e a  A f o r  l o c a t i o n s  1 and 2. T h i s  e q u a t i o n  a p p l i e s  o n l y  t o  

s t e a d y ,  two-dimensional,  i n c o m p r e s s i b l e  f low.  These c o n d i t i o n s  a r e  assumed t o  

e x i s t  i n  most open-channel d e s i g n  p rocedures .  



The most common form of t h e  energy e q u a t i o n  f o r  open-channel f low i s  t h e  

B e r n o u l l i  e q u a t i o n  

where V is t h e  mean v e l o c i t y ,  P is  t h e  h y d r o s t a t i c  p r e s s u r e  and  Z i s  t h e  

e l e v a t i o n  o f  t h e  channe l  bed ( r e l a t i v e  t o  datum) a t  s e c t i o n s  1  and  2.  The 

head  l o s s  t e r m  r e p r e s e n t s  t h e  l o s s  o f  energy by f r i c t i o n  from S e c t i o n s  1  

t o  2. The t e rms  o f  t h e  B e r n o u l l i  e q u a t i o n  a r e  commonly r e f e r r e d  t o  as t h e  

v e l o c i t y  head,  p r e s s u r e  head a n d  e l e v a t i o n  head,  r e s p e c t i v e l y .  

The i m p o r t a n t  c o n c e p t s  of t h e  energy g r a d e  l i n e  and h y d r a u l i c  g r a d e  l i n e  

a r e  encompassed i n  t h e  B e r n o u l l i  e q u a t i o n .  The energy g rade  l i n e  w a s  d e f i n e d  

i n  S e c t i o n  4.2.2, i t e m  10, a s  a  g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  t o t a l  energy 

p o s s e s s e d  by t h e  f low.  T h e r e f o r e ,  a t  any s e c t i o n  t h e  e l e v a t i o n  o f  t h e  energy 

g r a d e  l i n e  (EGL) r e l a t i v e  t o  a datum i s  

From S e c t i o n  1  t o  S e c t i o n  2  t h e  energy  g rade  l i n e  s l o p e s  downward by a n  amount 

e q u a l  t o  t h e  head l o s s  hL between t h e  two s e c t i o n s .  

The h y d r a u l i c  g rade  l i n e  l i e s  below t h e  energy l i n e  a d i s t a n c e  e q u a l  t o  

t h e  v e l o c i t y  head. There fore ,  t h e  e l e v a t i o n  o f  t h e  h y d r a u l i c  g rade  l i n e  (HGL) 

a t  any s e c t i o n  is 

P 
HGL = - + Z (4 .12)  

Y 

which i s  s imply t h e  wa te r - sur face  e l e v a t i o n  r e l a t i v e  t o  a  datum. These con- 

c e p t s  a r e  i l l u s t r a t e d  i n  F igure  4.1. 

I n  many c a s e s  t h e  o b j e c t i v e  o f  h y d r a u l i c  computat ions  i n  open channe l s  is  

t o  de te rmine  t h e  c u r v e  o f  t h e  w a t e r  s u r f a c e .  These problems i n v o l v e  t h r e e  

g e n e r a l  r e l a t i o n s h i p s  between t h e  h y d r a u l i c  g r a d i e n t  and t h e  energy  g r a d i e n t .  

F o r  uniform f low t h e  h y d r a u l i c  g r a d i e n t  and  t h e  energy  g r a d i e n t  a r e  p a r a l l e i  

and  t h e  h y d r a u l i c  g r a d i e n t  becomes a n  a d e q u a t e  b a s i s  f o r  t h e  d e t e r m i n a t i o n  o f  

f r i c t i o n  l o s s ,  s i n c e  no c o n v e r s i o n  between k i n e t i c  and p o t e n t i a l  energy i s  

involved.  I n  a c c e l e r a t e d  flow where v e l o c i t y  i s  i n c r e a s i n g  i n  t h e  downslope 

d i r e c t i o n ,  t h e  h y d r a u l i c  g r a d i e n t  i s  s t e e p e r  t h a n  t h e  energy g r a d i e n t .  T h i s  

f low c o n d i t i o n  t y p i c a l l y  e x i s t s  i n  s t e e p  s l o p e  d i v e r s i o n s .  I n  r e t a r d e d  f low 



1 / / / / / / / / / / / / / / , / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /I/ / / / / / / /, / 
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Figure  4.1. D e f i n i t i o n  ske tch  of t h e  energy and hydrau l i c  
grade l i n e s  i n  open-channel flow. 



where v e l o c i t y  i s  decreas ing  i n  t h e  downslope d i r e c t i o n ,  t h e  energy g rad ien t  

i s  s t e e p e r  t han  t h e  hydrau l i c  g rad ien t .  An adequate a n l a y s i s  of flow under 

both t h e s e  cond i t i ons  cannot be  made without  cons ide ra t ion  of both t h e  energy 

and t h e  hydrau l i c  g rad ien t .  

4.4 Steady and Uniform Flow Formulas f o r  Open Channels - The Manning Equation 

Many formulas have been proposed t o  determine t h e  mean c h a r a c t e r i s t i c s  of 

flow. However, t h e  Manning r e l a t i o n  remains t h e  most commonly used. The 

Manning Equation i n  English u n i t s  i s  

where n  is de f ined  a s  t h e  Manning roughness c o e f f i c i e n t  w i th  t h e  dimension 

Since t h e  flow r a t e  (d i scha rge )  of a  s t ream i s  def ined  by t h e  con- 

t i n u i t y  equat ion  a s  

where Q is t h e  discharge,  V i s  t h e  mean v e l o c i t y  and A is t h e  c ross -  

s e c t i o n a l  a r e a  normal t o  t h e  f low,  t h e  Manning equat ion  can be expressed a s  

Because of s i m p l i c i t y  of form and s a t i s f a c t o r y  r e s u l t s  f o r  p r a c t i c a l  appl ica-  

t i o n s ,  t h e  Manning formula has  become one of t h e  most widely used of a l l  open- 

channel  uniform-flow formulas. 

The depth of a uniform flow i n  an open channel i s  t h e  normal depth. 

Although uniform flow seldom occur s  i n  na tu re ,  most hydrau l i c  computations a r e  

s i m p l i f i e d  and approximated by assuming uniform flow condi t ions .  Therefore,  

t h e  Manning Equation must o f t e n  be so lved  f o r  t h e  normal depth  d. However, 

s i n c e  both  v e l o c i t y  ( o r  d i scharge)  and t h e  hydrau l i c  r a d i u s  depend on t h e  flow 

depth ,  t h e  equat ion  cannot  be d i r e c t l y  so lved  f o r  t h e  normal depth. Many 

c h a r t s  and nomographs have been developed t o  s o l v e  t h e  Manning equat ion.  

Addi t iona l ly ,  procedures  have been developed f o r  s m a l l  programmable c a l m l a -  

t o r s  provid ing  e f f i c i e n t  s o l u t i o n .  Char t s  given i n  Appendix C provide solu-  

t i o n  of  t h e  Manning equat ion  f o r  t r a p e z o i d a l  channels of 2:l s i d e  s lope  and 

bottom widths of 2, 4, 6, 8, 10, 12 and 14 f e e t .  For a d d i t i o n a l  c h a r t s  s ee  



"Design C h a r t s  f o r  Open Channel Flow" by t h e  U . S .  Department o f  T r a n s p o r t a t i o n  

(1979) .  

4.5 R e s i s t a n c e  t o  Flow 

The t h r e e  most common paramete rs  f o r  d e s c r i b i n g  t h e  r e s i s t a n c e  t o  s t e a d y  

un i fo rm f low a r e :  

1. The Darcy-Weisbach f r i c t i o n  f a c t o r ,  f  

2.  The Manning roughness  c o e f f i c i e n t ,  n  

3. The Chezy r e s i s t a n c e  f a c t o r ,  C 

A s t u d y  o f  f r i c t i o n  f a c t o r s  i n  open c h a n n e l s  by t h e  ASCE Task Force  Committee 

(1963)  p r o v i d e d  s p e c i f i c  recommendations on  t h e  u s e  o f  t h e s e  t h r e e  r e s i s t a n c e  

paramete rs .  The r e s u l t s  o f  t h e  s t u d y  are summarized below. 

The Darcy-Weisbach f  h a s  g r e a t  u t i l i t y  i n  e x p r e s s i n g  r e s i s t a n c e  t o  

s t e a d y ,  f u l l y  developed f low i n  uniform channe l s .  Exper imental  measurements 

o f  f r i c t i o n  i n  open channe l s  o v e r  a wide range  o f  c o n d i t i o n s  appear  t o  b e  

b e t t e r  c o r r e l a t e d  and  unders tood  through t h e  u s e  o f  f .  A d d i t i o n a l l y ,  f  is 

commonly u s e d  i n  o t h e r  b ranches  o f  e n g i n e e r i n g ,  p a r t i c u l a r l y  c l o s e d  c o n d u i t  

f low,  and t h e r e f o r e  p r o v i d e s  a b a s i s  f o r  p o o l i n g  a l l  e x p e r i e n c e  and knowledge 

on  f r i c t i o n a l  r e s i s t a n c e .  The f r i c t i o n  f a c t o r  f  may be  d e f i n e d  from 

where S is  t h e  s l o p e  o f  t h e  h y d r a u l i c  g r a d e l i n e  and  channe l  bed, R is t h e  

h y d r a u l i c  r a d i u s ,  V is  t h e  mean v e l o c i t y  and g is t h e  a c c e l e r a t i o n  o f  

g r a v i t y .  The d imens ion less  f r i c t i o n  f a c t o r  f  depends on t h e  Reynolds number 

and  bed  roughness,  and t h e r e f o r e  must b e  e v a l u a t e d  s e p a r a t e l y  f o r  e a c h  open- 

channe l  f low c o n d i t i o n .  The r e l a t i o n s h i p s  between £ ,  n  and C are 

n = 1.49 R ( E n g l i s h  u n i t s )  

The Manning n  h a s  t r a d i t i o n a l l y  been widely  used  t o  e v a l u a t e  r e s i s t a n c e  

i n  open-channel f lows.  The ASCE r e p o r t  i n d i c a t e s  t h a t ,  when a p p l i e d  w i t h  

judgment, n  and f  a r e  p robab ly  e q u a l l y  e f f e c t i v e  i n  t h e  s o l u t i o n  o f  prac-  



t i c a l  problems. The f o l l o w i n g  recommendations were g iven  f o r  o b t a i n i n g  spe- 

c i f i c  v a l u e s  o f  f o r  n  f o r  d e s i g n  purposes:  

1. For  roughnesses  t y p i c a l  of t h o s e  found i n  p i p e  f low ( i . e .  c o n c r e t e ) ,  p i p e  
r e s i s t a n c e  diagrams ( i . e .  Moody-type diagram) may be  used t o  e s t i i n a t z  f  
i f  t h e  p i p e  d iamete r  D is  r e p l a c e d  by 4R. 

2 .  For roughnesses  found i n  u n l i n e d  channe l s  and f o r  h i g h  Reynolds numbers, 
f  ( a s  d e f i n e d  by Equat ion 4.1 1 )  i s  independent  o f  t h e  Reynolds number 
and  depends o n l y  on t h e  hydrau \ j? r a d i u s ,  R. Under t h e s e  c o n d i t i o n s  f  
i s  n e a r l y  p r o p o r t i o n a l  t o  1/R , and Manning's n  (as d e f i n e d  by 
Equa t ion  4.13) i s  n e a r l y  c o n s t a n t .  For t h i s  " f u l l y  rough" c o n d i t i o n  t h e  
c o n s t a n t  v a l u e s  of Manning's n  can b e  t a k e n  from t h e  l i t e r a t u r e ,  such a s  
Chow's book (1959) .  A d e t a i l e d  l i s t i n g  o f  v a l u e s  a p p l i c a b l e  t o  s u r f a c e  
mine c o n d i t i o n s  i n  OSM Regions I and I1 i s  given i n  Appendix C .  A 

s h o r t e r  l i s t i n g  o f  v a l u e s  i s  g iven  i n  Tab le  4.2. I f  d e s i r e d ,  t h e  v a l u e  
o f  f  may t h e n  be  computed. ( I t  s h o u l d  be  n o t e d  t h a t  n o t  a l l  t u r b u l e n t  
f lows  a r e  " f u l l y  rough. " 1 

3 .  For  o t h e r  t h a n  f u l l y  rough f low,  f  o r  n  may be  l a r g e r  o r  s m a l l e r  t h a n  
f o r  t h e  f u l l y  rough c a s e .  There fore ,  c a u t i o n  s h o u l d  be  used  when u s i n g  
t h e  Manning formula  and n  t o  i n s u r e  t h a t  f u l l y  rough c o n d i t i o n s  e x i s t .  

4. For  movable boundary c o n d i t i o n s  none o f  t h e  fo rmulas  o r  methods d i s c u s s e d  
app ly .  However, t h e  concep t  of e x p r e s s i n g  r e s i s t a n c e  w i t h  a  f r i c t i o n  
f a c t o r  i s  s t i l l  v a l i d .  For a  movable boundary c o n d i t i o n ,  t h e  f ixed-bed 
f r i c t i o n  f a c t o r  may b e  i n c r e a s e d  by t h e  bed form ( p a t t e r n )  t h a t  deve lops  
o r  decreased  by t h e  sediment  c a r r i e d  i n  suspens ion .  The f i n a l  estimate 
of  roughness  relies g r e a t l y  on i n d i v i d u a l  judgment. Simons and  Sen turk  
(1976) review some of  t h e  a v a i l a b l e  methods f o r  e s t i m a t i n g  roughness  i n  a  
movable boundary. 

F o r  most s i t u a t i o n s  encounte red  i n  d i v e r s i o n  channe l  d e s i g n ,  t h e  Manning 

n  i s  t h e  e a s i e s t  and most a p p r o p r i a t e  e s t i m a t e  o f  f low r e s i s t a n c e .  A u s e f u l  

formula  f o r  e v a l u a t i n g  n  based on d a t a  from l a b o r a t o r y  channe l s  t o  l a r g e  

r i v e r s  i s  (Highway Research Board, 1970) 

where D i s  i n  f e e t .  Gra in  s i z e s  used i n  deve lop ing  t h i s  formula  ranged 
5 0 

from 0.001 f t  t o  n e a r l y  1.0 f t .  

4.6 S e l e c t i o n  o f  Channel Cross  S e c t i o n  

T y p i c a l  channe l  c r o s s  s e c t i o n s  a r e  t r i a n g u l a r ,  t r a p e z o i d a l  and  p a r a b o l i c  

( s e e  Tab le  4 . 1 ) .  A t r i a n g u l a r  channe l  i s  a  s p e c i a l  t y p e  of t r a p e z o i d a l  w i t h  a  

bot tom wid th  of z e r o ,  and t h e i r  a p p l i c a t i o n  is  l i m i t e d  t o  r e l a t i v e l y  low f low 

c o n d i t i o n s .  Trapezo ida l  c h a n n e l s  of v a r y i n g  bottom wid ths  and s i d e  s l o p e s  a r e  



Table 4.2 .  Manning's C o e f f i c i e n t s  of Channel Roughness. 

Constructed Channel Condit ion 
Values of n  

Minimum Maximum Average 

Ea r th  channels ,  s t r a i g h t  and uniform 

Dredged e a r t h  channels 

Rock channels ,  s t r a i g h t  and uniform 

Rock channels ,  jagged and i r r e g u l a r  

Concrete l i ned ,  r e g u l a r  f i n i s h  

Concrete l i n e d ,  smooth f i n i s h  

Grouted rubble paving 

Corrugated metal 

Natura l  Channel Condit ion Value of n  

Smoothest n a t u r a l  e a r t h  channels ,  f r e e  from growth with s t r a i g h t  
alignment.  

Smooth n a t u r a l  e a r t h  channels ,  f r e e  from growth, l i t t l e  curva ture .  

Average, wel l-constructed,  moderate-sized e a r t h  channels i n  good 
condi t ion .  

Small e a r t h  channels i n  good condi t ion ,  o r  l a r g e  e a r t h  channels 
wi th  some growth on banks o r  s c a t t e r e d  cobbles i n  bed. 

Ea r th  channels with cons iderable  growth, n a t u r a l  s t reams with 
good alignment and f a i r l y  cons tan t  s e c t i o n ,  o r  l a r g e  floodway 
channels  we l l  maintained. 

Ea r th  channels considerably covered with small  growth, o r  c l e a r e d  
b u t  no t  cont inuously maintained floodways. 

Mountain s t reams i n  c lean  loose cobbles,  r i v e r s  with v a r i a b l e  
c r o s s  s e c t i o n  and some vege ta t ion  growing i n  banks, o r  e a r t h  
channels  with t h i c k  aqua t i c  growths. 



Table 4.2 (cont inued)  

Natura l  Channel Condit ion Value of n 

Rivers  with f a i r l y  s t r a i g h t  alignment and c ros s  s e c t i o n ,  badly 
obs t ruc t ed  by small  t r e e s ,  very  l i t t l e  underbrush o r  aqua t i c  0.075 
growth. 

Rivers  with i r r e g u l a r  alignment and c r o s s  s ec t ion ,  moderately 0.100 
obs t ruc t ed  by small  t r e e s  and underbrush. 

Rivers  with f a i r l y  r egu la r  alignment and c ros s  s e c t i o n ,  heavi ly  0.100 
obs t ruc t ed  by small  t r e e s  and underbrush. 

Rivers  with i r r e g u l a r  alignment and c ros s  s ec t ion ,  covered with 
growth of v i r g i n  t imber and occas iona l  dense patches of bushes 0.125 
and small  t r e e s ,  some logs  and dead f a l l e n  t r e e s .  

Rivers  with very i r r e g u l a r  alignment and c ros s  s e c t i o n ,  many 
r o o t s ,  t r e e s ,  l a r g e  logs,  and o t h e r  d r i f t  on bottom, t r e e s  con- 0.200 
t i n u a l l y  f a l l i n g  i n t o  channel due t o  bank caving. 



t h e  most commonly c o n s t r u c t e d  channe l s .  P a r a b o l i c  c h a n n e l s  a r e  g e n e r a l l y  used  

o n l y  when a  v e g e t a t e d  l i n i n g  i s  r e q u i r e d ,  a l t h o u g h  o t h e r  c r o s s  s e c t i o n s  are 

- a l s o  u s e d  i n  v e g e t a t e d  channe l s .  

The s e l e c t i o n  o f  t h e  channe l  s i d e s l o p e  l a r g e l y  depends on  t h e  a n g l e  o f  

r e p o s e  o f  t h e  p a r e n t  m a t e r i a l  o r  channe l  l i n i n g .  The a n g l e  of r e p o s e  i s  t h e  

s l o p e  a n g l e  formed by p a r t i c u l a t e  m a t e r i a l  under  t h e  c r i t i c a l  e q u i l i b r i u m  con- 

d i t i o n  o f  i n c i p i e n t  s l i d i n g  (Simons and  Sen turk ,  1977) .  For  a s t a b l e  channe l  

t h e  s i d e  s l o p e  must b e  smaller t h a n  t h e  a n g l e  o f  repose .  I f  8 is t h e  s i d e  

s l o p e  a n g l e  o f  t h e  channe l  d e s i g n  and + is t h e  a n g l e  o f  repose ,  t h e n  a  

g e n e r a l  r e l a t i o n  f o r  t h e  maximum s i d e  s l o p e  a n g l e  f o r  a s t a b l e  channe l  i s  0 5 
(I - 5 ( d e g r e e s ) .  The r e l a t i o n s h i p  between t h e  s i d e  s l o p e  a n g l e  0 and t h e  

s i d e  s l o p e  v a l u e  z is d e p i c t e d  i n  F i g u r e  4.2. Tab le  4.3 l i s ts  s u g g e s t e d  z 

v a l u e s  t o  be  used  i n  d e s i g n i n g  channe l s .  For channe l s  l i n e d  w i t h  r i p r a p ,  t h e  

a n g l e  of r e p o s e  can be  de te rmined  from F i g u r e  4.3. I n  t h i s  c a s e ,  t h e  

s u g g e s t e d  v a l u e  f o r  z  must be  less t h a n  t h e  a n g l e  of r e p o s e  o f  t h e  r i p r a p .  

The s e l e c t i o n  o f  t h e  channel  bottom wid th  f o r  t r a p e z o i d a l  channe l s  

depends on  t h e  h y d r a u l i c  c o n d i t i o n s  and  t h e  a v a i l a b l e  equipment f o r  cons t ruc -  

t i o n .  S p e c i f i c  g u i d e l i n e s  o r  recommendations f o r  s e l e c t i o n  o f  t h e  channe l  

c r o s s  s e c t i o n  a r e  given i n  l a t e r  s e c t i o n s .  

4.7 Var iances  i n  Flow Condi t ions  

I n  open-channel f low,  problems have been encounte red  w i t h  m a i n t a i n i n g  t h e  

f low w i t h i n  t h e  des igned  channel ,  t h a t  is, t h e  flow o v e r t o p s  t h e  channe l  

l i n i n g ,  r e s u l t i n g  i n  s e r i o u s  e r o s i o n  problems and p o s s i b l e  f a i l u r e .  Many of 

t h e s e  problems can  b e  p r e v e n t e d  when d e s i g n  c o n s i d e r a t i o n  i s  given t o  ( 1 )  

c e n t r i f u g a l  f o r c e s  t h a t  o c c u r  where t h e  channe l  i s  t u r n e d  and ( 2 )  a d d i t i o n a l  

channe l  d e p t h  t o  account  f o r  d e b r i s  accumulat ion o r  v a r i a n c e  i n  c o n s t r u c t i o n  

t h a t  r e s u l t s  i n  d i f f e r e n c e s  i n  roughness  c o e f f i c i e n t s .  These two d e s i g n  con- 

c e p t s  a r e  known a s  s u p e r e l e v a t i o n  and f reeboard .  For s m a l l e r  channe l s  t h e  

f r e e b o a r d  i s  o f t e n  s u f f i c i e n t  t o  account  f o r  c e n t r i f u g a l  f o r c e s  and  s u p e r e l e -  

v a t i o n  need n o t  be  cons idered .  

4.7.1 S u p e r e l e v a t i o n  

Because of t h e  change i n  f low d i r e c t i o n  t h a t  r e s u l t s  i n  c e n t r i f u g a l  

f o r c e s ,  t h e r e  is  a s u p e r e l e v a t i o n  o f  t h e  w a t e r  s u r f a c e  i n  r i v e r  bends ( F i g u r e  

4 . 4 ) .  The w a t e r  s u r f a c e  i s  h i g h e r  a t  t h e  concave bank and lower a t  t h e  convex 



Figure 4 .2 .  Relat ionship between s ide  s lope  value,  z 
and slope angle,  0 .  



Table 4 . 3 .  Suggested Sideslope z Values. 

Nature o f  Bank Material z 

Rock 

Smooth or  weathered rock, s h e l l  

S o i l  ( c l a y ,  s i lt  and sand mixtures) 

Sandy s o i l  

S i l t  and loam ( l o o s e  sandy earth)  

Fine sand 

Flowing f i n e  and other very f i n e  material  

Compacted c l a y  
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Figure 4.3. Angle of repose. 



F i g u r e  4 .4 .  D e f i n i t i o n  s k e t c h  of s u p e r e l e v a t i o n  
i n  a channe l  bend. 



bank t h a n  what t h e  wa te r  s u r f a c e  would be  under  uniform c o n d i t i o n s .  The 

r e s u l t i n g  t r a n s v e r s e  s l o p e  c a n  b e  e v a l u a t e d  q u a n t i t a t i v e l y .  S e v e r a l  d i f f e r e n t  

e q u a t i o n s  have been proposed f o r  e v a l u a t i n g  s u p e r e l e v a t i o n .  However, t h e  d i f -  

f e r e n c e s  between r e s u l t s  by u s i n g  t h e  v a r i o u s  e q u a t i o n s  i s  n o t  s i g n i f i c a n t .  

T h e r e f o r e ,  one o f  t h e  s i m p l e r  p r o c e d u r e s  is sugges ted .  Woodward (1920)  

assumed V e q u a l  t o  t h e  average  v e l o c i t y  Q/A and r e q u a l  t o  t h e  r a d i u s  t o  

t h e  c e n t e r  o f  t h e  s t r e a m  r and o b t a i n e d  
C 

i n  which Z and r a r e  t h e  w a t e r  s u r f a c e  e l e v a t i o n  and t h e  r a d i u s  a t  t h e  
i i 

i n s i d e  o f  t h e  bend, and Z and r a r e  t h e  w a t e r  s u r f a c e  e l e v a t i o n  and t h e  
0 0 

r a d i u s  a t  t h e  o u t s i d e  of t h e  bend. The v a l u e  (ro - r . )  can b e  t a k e n  a s  t h e  
1 

t o p  w i d t h  W o f  t h e  channel .  

4.7.2 Freeboard  

Freeboard  i s  t h e  v e r t i c a l  d i s t a n c e  from t h e  w a t e r - s u r f a c e  e l e v a t i o n  o f  

t h e  d e s i g n  f low t o  t h e  t o p  o f  t h e  channel .  Freeboard i s  used  as a s a f e t y  

measure t o  p r e v e n t  o v e r t o p p i n g  a s  a r e s u l t  o f  s e d i m e n t a t i o n ,  a d d i t i o n a l  d e p t h  

due t o  a rougher  f r i c t i o n  c o e f f i c i e n t  t h a n  used i n  t h e  d e s i g n ,  o r  wave a c t i o n .  

The f r e e b o a r d  f o r  a  channe l  w i l l  depend on a  number o f  f a c t o r s  such a s  s i z e  of 

channe l ,  v e l o c i t y  o f  wa te r ,  channe l  c u r v a t u r e ,  and t r a n s i t i o n  c o n d i t i o n s .  I n  

normal channe l  d e s i g n s ,  t h e  wave a c t i o n  due t o  wind i s  n o t  u s u a l l y  s i g n i f i -  

c a n t .  F reeboard  i s  commonly d e f i n e d  a s  a  p e r c e n t a g e  o f  t h e  d e p t h  of f low.  

The S o i l  Conserva t ion  S e r v i c e  (1977)  recommends t h a t  f r e e b o a r d  f o r  t r a p e z o i d a l  

c h a n n e l s  a t  s u b c r i t i c a l  f low ( m i l d  s l o p e )  s h o u l d  be e q u a l  t o  o r  g r e a t e r  t h a n  

2 0  p e r c e n t  o f  t h e  f low d e p t h  a t  t h e  d e s i g n  d i s c h a r g e ,  b u t  n o t  l e s s  t h a n  one 

f o o t .  For  s u p e r c r i t i c a l  f low ( s t e e p  s l o p e )  t h e  recommended v a l u e  i s  25  per-  

c e n t  o f  f low dep th .  These v a l u e s  a r e  i n  a d d i t i o n  t o  any o t h e r  i n c r e a s e  i n  

c h a n n e l  d e p t h  r e q u i r e d  f o r  s u p e r e l e v a t i o n  o r  ex t remely  t u r b u l e n t  f low.  

T h e r e f o r e ,  f o r  r i p r a p - l i n e d  c h a n n e l s  u s i n g  l a r g e  r x k ,  t h e  v a l u e s  s h o u l d  be  

g r e a t e r  due t o  a n t i c i p a t e d  t u r b u l e n t  f low c o n d i t i o n s .  The recommended 

f r e e b o a r d  f o r  d i v e r s i o n  c h a n n e l s  on  a  s u r f a c e  mine o p e r a t i o n  i s  

1  
F.B. = c  d  + - A Z  

f b  2 



where c i s  a  c o e f f i c i e n t  d e f i n e d  a c c o r d i n g  t o  Tab le  4.4 and  A Z  is  
f b  

d e f i n e d  i n  F i g u r e  4.4. I n  a l l  c a s e s  t h e  recommended minimum f r e e b o a r d  is  1.0 

f o o t  ( S o i l  Conserva t ion  S e r v i c e  minimum) p l u s  one-half  s u p e r e l e v a t i o n .  The 

1.0 f o o t  minimum i s  g r e a t e r  t h a n  t h e  0.3 f e e t  minimum s p e c i f i e d  i n  OSM 

Regula t ions .  However, t h e  r e g u l a t i o n s  s t a t e  t h a t  i f  n e c e s s a r y ,  t h e  d e s i g n  

f r e e b o a r d  may b e  i n c r e a s e d  by t h e  r e g u l a t o r y  a u t h o r i t y .  I n  t h i s  manual it is  

recommended t h a t  t h e  1.0 f o o t  minimum be  adopted.  

4.8 Example 

Given t h e  d e s i g n  f low computed by t h e  SCS TP-149 method i n  t h e  example o f  

S e c t i o n  3.4, de te rmine  t h e  fo l lowing :  

1.  I f  t h e  f low p a s s e s  th rough  a  14-foot  t r a p e z o i d a l  c h a n n e l  o f  2 : l  s i d e  

s l o p e s ,  bottom s l o p e  o f  t e n  p e r c e n t ,  on a c o b b l e  bed w i t h  D = 1.5 
5  0  

i n c h e s ,  what i s  t h e  flow depth? 

Equa t ion  4.18 

T h e r e f o r e  from Appendix C  c h a r t s  d  = 0.70 f e e t  and 

Vn 
Vn = 0.33, V  = - = 11.8 f p s  

n  

2. What i s  t h e  Froude number? 

Equa t ion  4.6 

where t h e  c h a r a c t e r i s t i c  l e n g t h  L i s  u s u a l l y  t a k e n  as t h e  f low dep th .  

T h e r e f o r e ,  

S i n c e  t h e  Froude number i s  g r e a t e r  t h a n  1 t h e  flow is  s u p e r c r i t i c a l  and 

t h e  s l o p e  c o n d i t i o n  i s  h y d r a u l i c a l l y  s t e e p  (see S e c t i o n  4.2.5 1 . 
3. I f  t h e  channe l  c o n t a i n s  a bend w i t h  a n  i n s i d e  r a d i u s  of 50 f e e t  and a n  

o u t s i d e  r a d i u s  o f  65 f e e t ,  what i s  t h e  s u p e r e l e v a t i o n ?  

Equa t ion  4.19 



Table 4.4. Freeboard Coefficients . 

Flow Condition 
Minimum 

Freeboard Coefficient ( c  
fb )  

Subcri t ical  (mild slope),  
unlined or  vegetation-lined 

supercr i t ical  (steep slope) , 
unlined or vegetation-lined 

subcr i t ica l  (mild slope),  
rock riprap-lined 

supercr i t ical  (steep s lope) ,  
rock riprap-lined 



Therefore 

4. What are the freeboard requirements? 

a. For supercritical flow, Table 4.4 gives 

0 . 2 5 ( d )  = 0 .25  (0 .70 )  = 0.18  < 1.0 ft; use 1.0 ft 

b. In the channel bend? 

Equation 4.2  0 
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