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PREFACE 

This t echn ica l  r e l e a s e  descr ibes  two systems f o r  c l a s s i f y i n g  water 
surface  prof i l e ( s ) ,  WSP, of steady and equal flows in prismatic 
channels. When flow is  non-uniform, t h e  WSP is termed as  var ied  
flow s ince  t h e  depths of flow gradually vary from sec t ion  t o  sec t ion  
i n  t h e  channel. The r e l a t i o n  between t h e  two c l a s s i f i c a t i o n  systems 
i s  given i n  ES-191. 

The d e f i n i t i o n  of subnormal and supernormal flows has been r e s t a t e d  
and d i f f e r s  from t h a t  given i n  Supplement A of t h e  Hydraulic Section 
(NEH-5). The restatement of t h e  d e f i n i t i o n  was made t o  encompass 
channels of any bottom slope. This d e f i n i t i o n  is  consis tent  wi th  t h e  
d e f i n i t i o n  given i n  Supplement A f o r  channels of p o s i t i v e  bottom slopes.  

The t echn ica l  r e lease  discusses,  i n  a  q u a l i t a t i v e  manner, t h e  v a r i a t i o n  
of depth, ve loci ty ,  and spec i f i c  energy head f o r  each of t h e  c l a s s i f i -  
ca t ions  of flow. It a l s o  gives t h e  d i r e c t i o n  i n  which t h e  WSP computa- 
t i o n s  a r e  t o  be made and t h e  condit ions f o r  t h e  termination of these  
WSP by a  hydraulic jump. 

This t echn ica l  r e lease  was prepared by M r .  Paul D. Doubt, Head of t h e  
Design Unit, wi th  ass i s t ance  from M r .  H. J. Goon, C i v i l  Engineer, 
Design Unit, Design Branch, a t  m a t t s v i l l e ,  Maryland. 





TECHNICAL RELEASE 
l!KJK6ER 47 

CLASSIFICATION SYSTEM FOR VARIED 
FLOW IN PRISWTIC CHCWNELS 

NOMENC LATURF: 

In t roduct ion  

SCS C l a s s i f i c a t i o n  System 
Subnormal, Normal, and Supernormal Flows 
Subcr i t i ca l ,  C r i t i c a l ,  and S u p e r c r i t i c a l  Flows 
C r i t i c a l  Slope, sc 
Control Sect ion 

Common C l a s s i f i c a t i o n  System 

Relat ion Between C l a s s i f i c a t i o n  Systems 

Direct  ion of WSP Computations 

Depths of  Flow Approach d , , ~  o r  I n f i n i t y  o r  d , , ~  

Hydraulic Jump Changes C l a s s i f i c a t i o n  
Inherent Hydraulic Jumps (WSP Approach dc , q)  
Induced Hydraulic Jumps (WSP Approach dn, 6)" 

WSP i n  Channels of Sufficient  Length t o  Produce Uniform Flow 

Summary 

Figures 

Figure 1. Speci f ic  energy head vs  depth diagram showing t h e  
convergence t o  and divergence from d , , ~  f o r  
supernormal and subnormal flows 

Figure 2. Drawings i l l u s t r a t i n g  c o n t r o l  sec t ions  

Figure 3. Division of channels i n t o  t h r e e  zones f o r  
purposes of c l a s s i f i c a t i o n  

Tables 

Table 1. C l a s s i f i c a t i o n s  and types  of va r i ed  flow 

Table 2. Defini t ion  of the l e t t e r  pref ixes  used i n  
c l a s s i fy ing  var ied  flow 

Table 3. Recapitulat ion 



Drawing 
No. 

T i t l e  

ES -191 HYDRAULICS: RELATION BETWEEN THE TWO CLASSIFICATION SYSTEMS 
OF VARIED FLOW 

ES -192 HYDRAULICS: TERMINATION O F  WSP BY A HYDRAULIC JUMP 

ES:-193 HYDRIZULICS: WSP I N  PRISMATIC CCHANNELS OF S U F F I C I m  LEXGTH 
TO PRODUCE ESSENTIALLY UNIFORM FLOW 



i i i  

NOMEJVC LATURE 

a Flow a r e a  corresponding t o  d - f t 2  

a, z C r i t i c a l  a r e a  corresponding t o  d , , ~  - f t 2  

b Bottom width of t r a p e z o i d a l  channel - f t  

d = Actual  depth  of  flow - f t  

d c 7 ~  r C r i t i c a l  depth  of flow corresponding t o  Q - f t  

dn7& r Normal depth  of  flow corresponding t o  Q - f t  

g = Grav i t a t i on  cons tan t  = 32.16 f t / s e c 2  

hf = F r i c t i o n  head l o s s  - f t - l b / l b  of water  

1 - Length of  channel i n  downstream d i r e c t i o n  - f t  

n Manning's c o e f f i c i e n t  of roughness 

p G Wettedperimetercorrespondingtod - f t  

pc = C r i t i c a l  wet ted per imeter  corresponding t o  d , , ~  - f t  

Q Actual  d i scharge  - c f s  

&, 7 =I C r i t i c a l  d i scharge  corresponding t o  d - c f s  

QnJd = Normal d ischarge  corresponding t o  d - c f s  

r a = Hydraulic r a d i u s  corresponding t o  d; r = - - f t  
P 

rc F C r i t i c a l  hydraul ic  r a d i u s  corresponding t o  dc ,Q - f t  

so  = Bottom s lope  of channel 

sc C r i t i c a l  bottom s l o p e  corresponding t o  Q 

S 
- 

c , Q =  'c 

s f  Instantaneous r a t e  of f r i c t i o n  head l o s s  w i th  r e s p e c t  t o  
channel l e n g t h  = s lope  of energy g rad ien t  of flow a t  a 
channel s e c t i o n  

s, r Bottom s lope  of channel  upstream from a b reak  i n  grade 

s 2  = Bottom s lope  of channel downstream from a break  i n  grade 

T = T o p w i d t h o f  water  su r f ace  corresponding t o  d - f t  

z = Side s lopes  of t r a p e z o i d a l  channel 
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Introduction 

Varied flow occurs i n  open channels having steady and e q u d  flow i n  
which t h e  depth of flow gradually v a r i e s  from sec t ion  t o  sec t ion.  
Steady and equal flow i n  t h e  channel means t h e  discharge does not 
change a t  any sec t ion  i n  t h e  channel with respect  t o  time and t h e  
discharges a t  each sec t ion  i n  t h e  channel a r e  equal. Prismatic chan- 
n e l s  a r e  those channels having a s t r a i g h t  alignment and constant bot- 
tom slope, Manning's coef f i c ien t  of roughness and cross  sec t ion.  

Varied flows i n  a prismatic channel a r e  c l a s s i f i e d  t o  give some percep- 
t i o n  of t h e  water surface p r o f i l e  (WSP). From a c l a s s i f i c a t i o n  of flow, 
f o r  a speci f ied  depth of flow and discharge, one i s  able  t o  ascer ta in ;  

1. The type of flow, t h a t  i s ,  whether it i s  accelerated o r  
retarded flow. Depth of flow, i n  a downstream d i rec t ion ,  
decreases o r  increases according t o  whether flow i s  
accelerated o r  retarded.  

2. Whether WSP computations a r e  t o  be ca r r i ed  i n  an upstream 
o r  downstream d i rec t ion  from a known s t a r t i n g  depth. 

3. Whether depth of t h e  WSP diverges from or  converges t o  d,, Q 

i n  t h e  downstream d i r e c t  ion. 

4. Whether t h e  s p e c i f i c  energy head increases o r  decreases i n  
t h e  downstream d i rec t ion .  

In  addit ion,  i f  t h e  r e l a t i v e  values of dnlg  and d C 7 g  a r e  known o r  i f  
t h e  c r i t i c a l  s lope corresponding t o  t h e  discharge, Q, i s  computed, one 
i s  ab le  t o  ascer ta in ;  

1. The depth of flow towards which t h e  depths of t h e  WSP approach 
i n  t h e  d i r e c t i o n  of computations. 

2. The p o s s i b i l i t y  of t h e  occurrence of a hydraulic jump. 

Class i f i ca t ion  f o r  varied flow of a speci f ied  discharge, Q, i s  made 
f o r  a prismatic channel a t  an ac tua l  depth ( o r  s t a r t i n g  depth) of flow 
before t h e  computations of t h e  p r o f i l e  a r e  commenced. The c l a s s i f i c a -  
t i o n  is  not concerned with t h e  evaluation of t h e  s t a r t i n g  depth of flow 
nor t h e  manner a s t a r t i n g  depth was generated. Examples of s p e c i f i c  
ways various depths of flow a r e  generated a r e  given i n  ES-192 and 193 
which i l l u s t r a t e  prismatic channels t h a t  a r e  separated by break(s)  i n  
grade. 

SCS Class i f i ca t ion  System 

Varied flow i s  c l a s s i f i e d  at  a depth of flow i n t o  one of four  c l a s s i f i -  
ca t ions  according t o  whether flow is  subnormal, supernormal, s u b c r i t i c a l ,  
o r  s u p e r c r i t i c a l .  The complete system of c lass i fy ing  flow a s  well  as 
t h e  type of flow i s  given i n  Table 1. 



Table 1. C l a s s i f i c a t i o n s  and t y p e s  of v a r i e d  Plow 

C l a s s i f i c a t i o n  of  flow Type of flow 

Subnormal and S u b c r i t i c a l  

I Supernormal and S u p e r c r i t i c a l  I Retarded I 

Retarded 

Subnormal and S u p e r c r i t i c a l  

Supernormal and Subcr i t  i c a l  

The type  o f  flow f o r  c l a s s i f i c a t i o n s  having l i k e  p r e f i x e s  of  "sub" o r  
"super" i s  r e t a rded  flow whi le  t h e  t y p e  of  flow f o r  c l a s s i f i c a t i o n s  of  
un l ike  p r e f i x e s  i s  a c c e l e r a t e d  flow. Retarded flows a r e  t h o s e  f o r  
which t h e  v e l o c i t y  decreases  and depth inc reases  i n  t h e  d i r e c t i o n  of 
flow. The v e l o c i t y  of  flow inc reases  and depth decreases  i n  t h e  d i r e c -  
t i o n  of  flow f o r  a c c e l e r a t e d  flows. 

Accelerated 

Accelerated 

Subnormal, Normal, and Supernormal Flows 
Flow at  a given depth i s  supernormal, normal, o r  subnormal according t o  
whether t h e  r a t e  of f r i c t i o n  head l o s s  i s  g r e a t e r  than ,  equal  t o ,  o r  
l e s s  t han  t h e  bottom s lope  of t h e  channel, r e s p e c t i v e l y .  The r a t e  of 

dhf f o r  a given depth of' f low i n  a p r i sma t i c  f r i c t i o n  head l o s s ,  sf - - d l  ' 
channel is  given by Manning's formula 

ah  f 
2 

s - n Q 
f =r=[ 1.486 ar2/"  ] 

where a and r a r e  eva lua ted  a t  t h e  given depth  of  flow. 

In o t h e r  words, subnormal flow i s  t h e  cond i t i on  i n  which t h e  channel 
bottom s lope  i s  g r e a t e r  t han  t h e  f r i c t i o n  head l o s s  and t h e  s p e c i f i c  
energy head inc reases  i n  t h e  d i r e c t i o n  of flow. When t h e  channel bottom 
s lope  i s  l e s s  than  t h e  f r i c t i o n  head l o s s ,  then  t h e  cond i t i on  of super-  
normal flow e x i s t s  and t h e  s p e c i f i c  energy head decreases  i n  t h e  d i r e c t i o n  
of  flow. Therefore,  i n  a downstream d i r e c t i o n ,  t h e  depth  of  flow d iverges  
from c r i t i c a l  depth  f o r  subnormal flows and converges towards c r i t i c a l  
depth  f o r  supernormal flows. See Figure 1. 

The r a t e  of f r i c t i o n  head l o s s  p e r  f o o t  l e n g t h  of  channel  (an ins tan taneous  
dh f 

r a t e ) ,  - d l '  
i s  always p o s i t i v e .  Since t h i s  r a t e  i s  always g r e a t e r  t han  

zero, a l l  f lows i n  channels having h o r i z o n t a l  o r  adverse s lopes  a r e  c l a s s i -  
f i e d  a s  supernormal. 

A t  a given depth t h e  r a t e  of f r i c t i o n  head l o s s  w i t h  r e spec t  t o  channel 
l e n g t h  may be  w r i t t e n  

sf = = = s o  where 

S o n 
2 

Qn, a 1.486 ar2I3  
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Figure 1. S p e c i f i c  energy head v s  depth diagram showing t h e  
convergence t o  and divergence from d , , ~  f o r  supernormal 

and subnormal flows 

SUBCRlTlCAL 
Depths drverge from dc,Q In downstream 

direction for subnormol flows 

SUPERCRITICAL Q =consfont 
FLOWS 

s 0 
The quan t i t y  n, , on observing t h e  r i g h t  hand s i d e  of  t h e  previous 

Qn, d 
expression,  i s  always p o s i t i v e .  

Flows a r e  subnormal a t  a given depth when 

This condi t ion  can e x i s t  only i n  channels of p o s i t i v e  s lope .  
Flows a r e  supernormal when 

So [&]' > So i . e .  [&]2 > 1 ( i f  so  > 0) 

Q 2 1 ( i f  So < 0) [GI 
Observe t h a t  t h e  q u a n t i t y  f o r  an  adverse s lope  i s  nega t ive ,  s i n c e  

Again, flows f o r  a l l  depths i n  h o r i z o n t a l  and adverse ly  sloped channels 
a r e  supernormal. 

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  Flows 
Flow a t  a given depth i s  s u b c r i t i c a l ,  c r i t i c a l ,  o r  s u p e r c r i t i c a l  accord-  
i n g  t o  whether t h e  a c t u a l  d i scharge  i s  l e s s  than,  equal  t o ,  o r  g r e a t e r  
t han  t h e  c r i t i c a l  d i scharge  corresponding t o  t h a t  depth. The c r i t i c a l  
d i scharge  corresponding t o  t h e  depth  of flow i s  given by t h e  r e l a t i o n  

-& 
Q&d - T 

where a and T a r e  eva lua ted  a t  t h e  given depth  of  flow. 



Flows a r e  s u b c r i t i c a l  when 

[el2 < 
and a r e  s u p e r c r i t i c a l  when 

C r i t i c a l  Slope, s c  - 
The c r i t i c a l  s lope  of a channel corresponding t o  t h e  d ischarge ,  Q, i s  
t h a t  bottom s lope  of  t h e  channel which w o d d  cause t h e  normal depth, 
dn QJ t o  be equal  t o  t h e  c r i t i c a l  depth,  dc Q. When d n J Q  > dc Q t h e  
bottom s lope  i s  l e s s  t han  c r i t i c a l  s lope  an6 i s  known a s  a m i l a  s l ope .  
When d , , ~  < d , , ~  t h e  bottom 
i s  known a s  a s t e e p  s lope .  

Control  Sec t ion  
I f  t h e  t a i l w a t e r  depth a t  a 
dc g, t h e  channel s e c t i o n  a t  

s lope  is  g r e a t e r  t han  c r i t i c a l  s lope  and 
See F igure  2. 

break i n  grade i s  equal  t o  o r  l e s s  t han  
t h e  break  i n  grade i s  a c o n t r o l  s e c t i o n  

i " 
i f  s L  5 s C  and s 2  2 sC  where sl and s2 a r e  t h e  bottom s lopes  of t h e  
channel reaches upstream and downstream of t h e  break  i n  grade r e -  
spec t ive ly .  The depth  of flow a t  t h e  c o n t r o l  s e c t i o n  i s  d,, Q. When 
a c o n t r o l  s e c t i o n  e x i s t s ,  t h e  depth, d , , ~ ,  i s  t aken  a s  t h e  s t a r t i n g  
depth f o r  WSP computations.  The WSP computations a r e  made i n  an up- 
s t ream and downstream d i r e c t i o n  from t h e  c o n t r o l  s e c t i o n .  

Figure 2. Drawings i l l u s t r a t i n g  c o n t r o l  s e c t i o n s  

Common C l a s s i f i c a t i o n  System 

Another system of c l a s s i f y i n g  v a r i e d  flow, one which i s  commonly d i s -  
cussed i n  l i t e r a t u r e ,  c o n s i s t s  of  c l a s s i f i c a t i o n s ,  which a r e  des igna ted  
by a l e t t e r  p r e f i x  and a zone nwnber. The l e t t e r  p r e f i x  des igna te s  t h e  
magnitude of  t h e  bottom s l o p e  of  t h e  p r i sma t i c  channel accord ing  t o  one 
of  f i v e  cond i t i ons  given i n  Table 2. 



Table 2. Def in i t i on  of t h e  l e t t e r  p r e f i x e s  used i n  
c l a s s i f y i n g  va r i ed  flow 

The pr i sma t i c  channel i s  regarded a s  being d iv ided  i n t o  zones by a l i n e  
r ep re sen t ing  c r i t i c a l  depth and, when normal depth e x i s t s ,  a l i n e  r e -  
p re sen t ing  normal depth.  (see Figure 3 ) .  

LEGEND 

--- dnlo - line dntO - and dcl 0 - lines --- ----- dc10 - line are coincident 

Figure 3 .  Divis ion of channels i n t o  t h r e e  zones f o r  purposes 
of  c l a s s i f i c a t i o n  

When normal depth  e x i s t s ,  t h e  zones a r e  numbered from 1 t o  3 from t h e  
upper zone downward and zone 2 i s  considered non-exis tent  when t h e  
normal and c r i t i c a l  l i n e s  co inc ide .  Thus, t h e r e  i s  no c l a s s i f i c a t i o n  
wi th  t h e  des igna t ion  C 2 .  



Since normal depth i s  non-exis tent  f o r  channels w i t h  h o r i z o n t a l  and ad-  
v e r s e  s lopes ,  t h e s e  channels a r e  d iv ided  i n t o  two zones numbered.2 and 3.  
There a r e  no c l a s s i f i c a t i o n s  w i t h  t h e  des igna t ions  H1 and Al. Some 
au tho r s  view t h e  normal depth  f o r  h o r i z o n t a l l y  s loped channels  as in f in i ty ,  
above which no zone e x i s t s .  

Mild and s t e e p  s loped channels a r e  t h e  only channels having t h r e e  zones. 

The common c l a s s i f i c a t i o n  system of v a r i e d  flow c o n s i s t s  of twelve c l a s s i f i -  
c a t  ions,  namely 

S l ,  C l ,  m, --, -- 

These c l a s s i f i c a t i o n s  a r e  r e f e r r e d  t o  a s  t h e  ,531,-curve, C1-curve, e t c .  
This c l a s s i f i c a t i o n  system depends on t h e  magnitude of t h e  bottom s lope  
a s  w e l l  a s  t h e  a c t u a l  depth of flow a s  r e l a t e d  t o  t h e  normal depth when 
it e x i s t s  and t o  t h e  c r i t i c a l  depth.  

Re la t ion  Between C l a s s i f i c a t i o n  Systems 

ES-191 g ives  t h e  r e l a t i o n  between t h e  two c l a s s i f i c a t i o n  systems of va r i ed  
flow. For s u b c r i t i c a l  flows t h i s  drawing is  intended t o  show t h e  WSP up- 
s t ream of  a given depth  of  flow. For s u p e r c r i t i c a l  flows t h e  drawing i s  
intended t o  show t h e  WSP downstream of a given depth of flow. No at tempt  
i s  made t o  i l l u s t r a t e  on t h i s  drawing, how a s t a r t i n g  depth  of flow was 
generated.  A l l  c l a s s i f i c a t i o n s  of zone 1, namely S1, C 1 ,  and Ml-curves, 
a r e  subnormal and s u b c r i t i c a l  flows and a r e  r e t a rded  f lows.  A l l  f i v e  
c l a s s i f i c a t i o n s  of zone 3 a r e  supernormal and s u p e r c r i t i c a l  flows and a r e  
a l s o  r e t a rded  flows. A l l  c l a s s i f i c a t i o n s  of zone 2 a r e  acce l e ra t ed  flows; 
t h e  S2 curve i s  subnormal and s u p e r c r i t i c a l  whi le  t h e  M 2 ,  H2, and A2-curves 
a r e  supernormal and s u b c r i t i c a l .  

The blocks which a r e  bordered wi th  c rossha tch ing  p e r t a i n  t o  t hose  c l a s s i f i -  
c a t i o n s  which a r e  non-exis tent  i n  t h e  common c l a s s i f i c a t i o n  system, t h a t  
is, t h e r e  a r e  no Hl-, Al-, and C2-curves. To show t h e  r e l a t i o n  between 
t h e  two c l a s s i f i c a t i o n  systems f o r  zone 2, it was necessary  t o  r epea t  
zone 2 s i n c e  subnormal and s u p e r c r i t i c a l  i s  another  c l a s s i f i c a t i o n  a l s o  
i n  zone 2. The s t i p p l e d  blocks p e r t a i n  t o  t hose  c l a s s i f i c a t i o n s  which 
a r e  non-exis tent  i n  t h e  SCS c l a s s i f i c a t i o n  system. The l e t t e r  p r e f i x  and 
zone number a s soc i a t ed  w i t h  each s t i p p l e d  block a r e  incompatible w i th  t h e  
SCS c l a s s i f i c a t i o n  system. 

The shapes of t h e  p r o f i l e s  a s  shown on ES-191 a r e  i dea l i zed .  Consider f o r  
i n s t ance  t h e  S1-curve. For a given s e t  of va lues  f o r  d , , ~  and d , , ~ ,  t h e  
shape of t h e  S1-curve w i l l  be  above o r  below o r  may even c r o s s  t h a t  shown, 
according t o  t h e  c ros s  s e c t i o n a l  shape of t h e  p r i sma t i c  channel.  Chang- 
i ng  e i t h e r  d , , ~  o r  d n , ~  o r  bo th  w i l l  a l s o  vary  t h e  shape of t h e  S1-curve. 
Theore t i ca l ly ,  a t  d , , ~  on t h e  S1-curve, t h e  r a t e  of  change of depth of  
flow wi th  r e spec t  t o  t h e  l e n g t h  of channel i s  i n f j n i t e ,  i . e . ,  perpendicular  
t o  t h e  d , , ~ - l i n e .  The depth of flow and s p e c i f i c  energy heads inc rease  
i n  a downstream d i r e c t i o n .  By vary ing  dc Q t o  a va lue  equal  t o  d , , ~ ,  
t h e  S1-curve v a r i e s  i n  shape t o  t h a t  of tAe C1-curve. Mathematically, 



on t h e  C1-curve, a t  d = d Q, t h e  r a t e  of change of  depth  of flow wi th  
r e spec t  t o  t h e  l e n g t h  of c fknnel  becomes an inde termina te  express ion  
( i. e ., 010) which can be eva lua ted  by LIHosp i t a l  ' s r u l e .  The shape of  
t h e  C1-curve can vary  cons iderably  from t h a t  shown; however, t h e  depth 
of  flow and s p e c i f i c  energy head w i l l  s t i l l  i nc rease  i n  t h e  d i r e c t i o n  
of  flow. An a d d i t i o n a l  decrease  i n  t h e  va lue  of d , , ~  l e a d s  t o  t h e  
M1-curve. The WSP f o r  t h e  Ml-curve i s  asymptotic t o  t h e  dn, &- l ine ,  
f o r  t h e  r a t e  of change of depth wi th  r e spec t  t o  t h e  l e n g t h  of t h e  
channel a t  d , , ~  is  zero. 

D i rec t ion  of  WSP Computations 

Computations f o r  WSP a r e  made from a s e c t i o n  at which t h e  depth i s  
known t o  an upstream s e c t i o n  when flow i s  s u b c r i t i c a l .  WSP computa- 
t i o n s  a r e  c a r r i e d  i n  a downstream d i r e c t i o n  from a known depth when 
flow i s  s u p e r c r i t i c a l .  

Depths of Flow Approach d , , ~  o r  I n f i n i t y  o r  d , , ~  

In  t h e  fo l lowing  two s ta tements  it is  s a f e  and convenient t o  view t h e  
normal depth  f o r  h o r i z o n t a l l y  and adverse ly  s loped channels a s  i n f i n i t e l y  
l a r g e .  For any c l a s s i f i c a t i o n  of flow, t h e  depth  of flow i n  t h e  d i r e c -  
t i o n  of computation i s  seeking t h e  normal depth of flow. I f  t h e  c r i t i -  
c a l  depth  l i e s  between t h e  a c t u a l  depth of flow and normal depth, t h e  
WSP approaches t h e  dc Q- l ine  perpendicular ly ,  o therwise  t h e  WSP approaches 
t h e  dn, Q- l ine  asymptot ica l ly .  When dn, and dc, Q a r e  n e a r l y  equal ,  t h e  
WSP a t  depths n e a r l y  equal  t o  d , , ~  i s  unpredic tab le  s i n c e  t h e  depths of  
t h e  WSP f l u c t u a t e .  

r n d r a u l i c  J m p  Changes C l a s s i f i c a t i o n  

The c l a s s i f i c a t i o n  of flow f o r  t h e  var ious  depths a long  a WSP i n  a 
p r i sma t i c  channel cannot change t o  another  c l a s s i f i c a t i o n  except by t h e  
formation of a hydraul ic  jump. 

Inherent  Hydraulic Jumps (WSP Approach dc, & )  
A WSP of any c l a s s i f i c a t i o n  may be terminated,  i n  t h e  d i r e c t i o n  of  
computations, by a hydraul ic  jump. Retarded flows i n  which depths 
approach d c , ~  i n  t h e  d i r e c t i o n  of  computations w i l l  be  te rmina ted  by a 
hydraul ic  jump provided d , , ~  f dn,Q and a break  i n  grade does no t  occur  
p r i o r  t o  t h e  formation of t h e  jump. WSP of t h e s e  r e t a rded  f lows a r e  
i nhe ren t ly  a s soc i a t ed  wi th  hydrau l i c  jumps. I n  each f i g u r e  of  ES-192 
t h e  WSP f o r  t h e  c l a s s i f i c a t i o n s  given on t h e  l e f t  s i d e  of  t h e  drawing 
i s  designated by a heavy l i n e .  Each of t h e  F igures  1, 2, and 3 (ES-192) 
show t h e  te rmina t ion  of a WSP as soc ia t ed  wi th  subnormal and s u b c r i t i c a l  
( r e t a r d e d )  flow by a hydraul ic  jump. The WSP of  t h i s  c l a s s i f i c a t i o n ,  
which approaches dc ,g  i n  an upstream d i r e c t i o n ,  must n e c e s s a r i l y  termin-  
a t e  e i t h e r  a t  a break  i n  grade o r  a hydraul ic  jwnp before  t h e  depth, 
dc, g, i s  reached if d , , ~  f dn,& Figures  4, 5, 6a, 6b, and 6c (ES-192) 
show t h e  te rmina t ions  of WSP as soc ia t ed  wi th  supernormal and super-  
c r i t i c a l  ( r e t a r d e d )  flow by a hydraul ic  jump. The WSP of t h i s  c l a s s i f i -  
ca t ion ,  which approaches d , , ~  i n  a downstream d i r e c t i o n ,  must t e rmina te  
e i t h e r  a t  a break  i n  grade o r  a hydraul ic  jump be fo re  t h e  depth, dc,&, 
i s  reached i f  d , , ~  f dn,g. Unless e i t h e r  t h e  i n i t i a l  depth ( ~ i g u r e  2 



of ES-192) o r  t h e  sequent depth  (3'igure 5 of  ES-192) is  dn,g, t h e  WSP 
w i l l  need t o  be computed upstream towards t h e  jump and downstream t o -  
wards t h e  jump t o  a s c e r t a i n  t h e  l o c a t i o n  a t  which t h e  i n i t i a l  depth  
and sequent depth a r e  i n  correspondence. This i s  t h e  approximate l o c a -  
t i o n  o f  t h e  hydraul ic  jump. The i n t e r r e l a t i o n  of  l o c a t i o n  of jump, t h e  
bottom s lope ,  type  o f  jump, l e n g t h  of jump, and t h e  correspondence o f  
i n i t i a l  and sequent depths a r e  not  considered i n  t h i s  t e c h n i c a l  r e l e a s e .  
For c e r t a i n  condi t ions  t h e  hydrau l i c  jump w i l l  o s c i l l a t e  over  a con- 
s i d e r a b l e  d i s t ance  upstream and downstream from t h i s  l o c a t i o n .  

Induced Hydraulic Jumps (WSP Approach dn, a) 
A proper  t a i l w a t e r  cond i t i on  w i l l  cause t h e  WSP as soc ia t ed  w i t h  super-  
c r i t i c a l  flow which approach dn Q t o  t e rmina te  a t  a hydraul ic  jump. 
These jumps a r e  not inherent  bu t  a r e  induced by proper  t a i l w a t e r  condi- 
t i o n s .  Thus, t h e  WSP as soc ia t ed  w i t h  any s u b c r i t i c d  t a i l w a t e r  flow 
may be  terminated by a hydraul ic  jump i n  an upstream d i r e c t i o n  i f  up- 
s t ream f lows a r e  s u p e r c r i t i c a l .  See F igures  7 - 11 (ES-192). 

With proper  t a i l w a t e r  condi t ions ,  s e e  Figures  1 2  - 1 4 ( ~ ~ - 1 9 2 ) ,  t h e  WSP 
a s s o c i a t e d  w i t h  s u p e r c r i t i c a l  flows w i l l  b e  terminated i n  a downstream 
d i r e c t i o n  by a jump. 

WSP i n  Channels of  S u f f i c i e n t  Length t o  Produce Uniform Flow 

ES-193 shows a l l  combinations of  two long, p o s i t i v e l y  s loped p r i sma t i c  
channels joined a t  a break  i n  grade. Uniform flow can occur  only i n  
channels having p o s i t i v e  s lopes .  Therefore, channels w i t h  h o r i z o n t a l  
and adverse s lopes  a r e  not  considered s i n c e  flow would be  impossible  
from o r  i n t o  i n f i n i t e l y  long  channels w i t h  t h e s e  s lopes .  The two channels 
of  p o s i t i v e  s lope  must be v i s u a l i z e d  as g r e a t l y  condensed h o r i z o n t a l l y .  
They have t h e  same c r o s s - s e c t i o n a l  shape. The flow condi t ions  a r e  de- 
s c r ibed  f o r  each f i g u r e .  

Observe t h a t  a11 s e c t i o n s  at breaks i n  grade which a r e  c o n t r o l  s e c t i o n s  
have a flow depth of d c , ~ .  The depth, d , , ~ ,  i s  used a s  t h e  s t a r t i n g  
depth f o r  computing WSP upstream and downstream from t h e  break i n  grade.  

A l l  s e c t i o n s  a t  breaks i n  grade which a r e  not  c o n t r o l  s e c t i o n s  have a 
f low depth  of dn,Q as soc ia t ed  w i t h  e i t h e r  t h e  upstream o r  downstream 
channel.  If t h e  upstream channel s lope  i s  e i t h e r  c r i t i c a l  o r  mild, t h e  
depth of flow at t h e  break i n  grade is  d n , ~  a s soc i a t ed  w i t h  t h e  down- 
s t ream channel.  I f  t h e  upstream channel s lope  i s  s teep ,  t h e  depth  o f  
flow at t h e  break i n  grade is  d , , ~  a s s o c i a t e d  w i t h  t h e  upstream channel  
except when a hydraul ic  jump occurs  i n  t h e  upstream channel,  then  t h e  
depth  of  flow i s  dn, Q a s soc i a t ed  w i t h  t h e  downstream channel.  

When t h e  s e c t i o n  at t h e  break i n  grade i s  not  a con t ro l  s e c t i o n ,  t h e  
d n , ~ ,  may be used a s  t h e  s t a r t i n g  depth f o r  computing WSP up- 

s t ream o r  downstream. The depth, d n 2 ~ ,  should be used a s  t h e  s t a r t i n g  
depth  only  i f  t h e  p r i sma t i c  channel 1 s  known t o  be s u f f i c i e n t l y  l ong  
t o  produce e s s e n t i a l l y  t h i s  depth  of flow at t h e  break i n  grade.  This 
de te rmina t ion  i s  made by WSP computations towards t h e  break  i n  grade. 



Summary 

The SCS c l a s s i f i c a t i o n  system i s  concerned w i t h  t h e  establ ishment  of 
t h e  r e l a t i v e  va lues  o f  d  v s  dc Q and, when d , , ~  e x i s t s ,  t h e  r e l a t i v e  
va lues  of  d  v s  dn, Q. These r e i a t i v e  va lues  e s t a b l i s h ;  

1. whether t h e  depth, v e l o c i t y ,  and s p e c i f i c  energy head 
inc rease  o r  decrease  i n  t h e  d i r e c t i o n  of  flow 

2. t h e  d i r e c t i o n  of WSP computations 

3. whether t h e  depths of  t h e  WSP converge t o  o r  d iverge  
from i n  t h e  d i r e c t i o n  o f  flow. 

The depth of dn, Q, o r  m, o r  dc, Q t o  which t h e  depths of t h e  WSP 
approach i s  e s t a b l i s h e d  by t h e  r e l a t i v e  va lues  of d, and d ~ , ~ -  
For acce l e ra t ed  flows it i s  known d , , ~  never l i e s  between d  and d , , ~  
and t h e  r e l a t i v e  va lue  of d, d , , ~ ,  and d , , ~  can be deduced f o r  a l l  
acce l e ra t ed  flows from t h e  c l a s s i f i c a t i o n  of flow i n  channels of any 
bottom s lope .  Also, t h e  r e l a t i v e  va lues  of d, d , , ~ ,  and d , , ~  i s  e s -  
t a b l i s h e d  by t h e  c l a s s i f i c a t i o n  when flow i s  r e t a rded  i n  channels wi th  
h o r i z o n t a l  and adverse s lopes  s i n c e  d n , ~  i s  taken  a s  i n f i n i t e l y  l a r g e .  
However, t h e  r e l a t i v e  va lues  of d, d n , ~ ,  and dc Q f o r  r e t a rded  flows 
i n  channels w i t h  p o s i t i v e  s lopes  cannot be e s t a h i s h e d  by t h e  c l a s s i f i -  
c a t i o n .  Hence, t h e  va lues  o f  d,, Q and dn, Q would normally be evaluated 
t o  e s t a b l i s h  t h e  r e l a t i v e  va lues  of d , , ~  and d n , ~ .  

The two q u a n t i t i e s  so  [ - 1' and  are used t o  t h e  flow 
Qn, d  Qc,d 

and axe q u a n t i t i e s  used i n  t h e  v a r i e d  flow equat ion f o r  so lv ing  t h e  WSP, 
s e e  Eq. A-8 of Supplement A of t h e  m d r a u l i c  Sec t ion  (NEH-5). The pro-  
cedure f o r  computing WSP is o u t l i n e d  i n  Supplement A. A r e c a p i t u l a t i o n  
o f  t h o s e  c h a r a c t e r i s t i c s  and p r o p e r t i e s  a s s o c i a t e d  w i t h  t h e  WSP which 
have been d iscussed  i n  t h i s  t e c h n i c a l  r e l e a s e  i s  given i n  Table 3. 



Table 3. Recapitulat ion 

I 
Depths of WSP a r e  diverging from dc Q i n  t h e  downstream d i r e c t i o n  

H, i s  increas ing i n  the  a m s t r e a m  d i r e c t i o n  

- 

O < s O < m  

Depths of  WSP a r e  increasing in t h e  downstream d i r e c t i o n  
Veloci t ies  a r e  decreasing in t h e  downstream d i r ec t ion  

d > dnjQ and d > d , , ~  
. - - - - - -  -r------ 

CLASSIFICATION 
OF 
m- 

- 

If dc Q does not l i e  
betwe& d dnlQ 1 If d c , ~  lies 

d and dn, 
i . e - , i f a c , ~ r d n , ~ o r  I i . e . , i f d c , Q % d n , ~ o r  

SUBNORMAL; so 

- 

- 

i f  so s sc I i f  So.> SC 

Jump can be induced 1 Jump i~ inherent 

d > dn, Q 

ACCELERATED; g < 0 

sc  < so < m 

Depths of WSP a r e  decreasing in t h e  downstream d i r ec t ion  
Veloci t ies  a r e  increasing i n  t h e  downstream d i r e c t i o n  

Depths of WSP approach dn Q i n  t h e  
d i r ec t ion  of WSP computations 

Jump can be induced 

- 

d < d , , ~  
Depths of WSP a r e  converging t o  d , , ~  i n  t h e  downstream d i r ec t ion  

He i e  decreasing i n  t h e  downstream d i r e c t i o n  

ACCELERATED; 5 < 0 

Depths of WSP are decreasing i n  t h e  downstream d i r e c t i o n  
Veloci t ies  a r e  increas ing in t h e  downstream d i r e c t i o n  

Depths of  WSP approach dn Q i n  t h e  
d i r e c t i o n  of WSP computations 

Jump can be induced 

- m < s o < m  

Depths of WSP a r e  increas ing i n  t h e  downstream d i r e c t i o n  
Velbci t ies  a r e  decreasing i n  t h e  downstream d i r ec t ion  

d < d , , ~  and d < dc,q - - - - - - -  
7 - - - - - - - -  

If dc Q does not l i e  1 If d C , ~  l i e s  between 
betwekn d and dnPQ d and dn,Q 

i . e . ,  i f d c , p .  d n , g o r  I i .e . ,  if d c , ~ < d n , Q o r  
i f  so  2 sC if so < s C  

Jump can be induced I Jump i s  inherent ' 

Depths of WSP approach dn,Q, asymptotically i f  f m o r  d n , ~  f dC,g, i n  t h e  d i r e c t i o n  of  WSP computations 
Depths of WSP approach dC,q i n  t h e  d i r ec t ion  of WSP computation and a hydraulic jump i s  inherent 
Depths of WSP approaching dn,g can be terminated by an induced jump 
Depths of WSP approaching d , , ~  w i l l  terminate a t  a hydraulic jump o r  a t  a break i n  grade before d , , ~  i s  reached 



Example 1. 

Given: A t r a p e z o i d a l  p r i sma t i c  channel 
n = 0.01 
b = 1 0  f t  
z = 2  
so = 0.02 
Q = 1000 c f s  
a. = 3.0  f t  

Determine: 1. C l a s s i f i c a t i o n  of  flow a t  t h e  depth d = 3.0 f t  and 
t h e  given d ischarge  

2 Type of flow a t  depth  d = 3.0 f t  

3.  D i rec t ion  of  computations of t h e  WSP from d = 3.0  f t  

4. Whether t h e  depths of t h e  WSP approach dn, Q, m, o r  dc, 
i n  t h e  d i r e c t i o n  of  computations 

5. The p o s s i b i l i t y  of t h e  WSP; i n  t h e  d i r e c t i o n  of  computa- 
t i o n s ,  t e rmina t ing  at a hydrau l i c  jump 

6. The ins tan taneous  r a t e  of f r i c t i o n  head l o s s  a t  
d = 3 . 0  f t  

7. a. How t h e  s p e c i f i c  energy heads of t h e  WSP a r e  changing 
b .  How t h e  v e l o c i t i e s  of t h e  WSP a r e  changing 
c .  How t h e  depths of  t h e  WSP a r e  changing 
d .  Whether depths of  t h e  WSP a r e  converging o r  d ive rg ing  

from t h e  c r i t i c a l  depth 
e .  Type of bottom s lope  

Solu t ion :  1. Determining c l a s s i f i c a t i o n  of  flow a t  d = 3.0 f t  
a.  EValuating a, p, T, r, Q;,~,  and @ d a t  d = 3.0 f t  

a = ( b  + z d ) ( d )  = [ l o  + 2 ( 3 ) ] 3  = 48.0 f t 2  

b. Determining whether flow i s  supernormal o r  subnormal 

Flow i s  subnormal. 



c .  Determining whether flow i s  s u p e r c r i t i c a l  o r  
s u b c r i t  i c a l  

Flow i s  s u p e r c r i t i c a l  

The c l a s s i f i c a t i o n  of var ied  flow at d = 3.0 f t  and 
discharge Q = 1000 c f s  i s  subnormal and s u p e r c r i t i c a l .  

2. Determining type of flow 
The p re f ixes  of t h e  c l a s s i f i c a t i o n  a r e  unlike; hence, 
flow i s  accelera ted  a t  d = 3.0 f t .  

3.  Determining d i r e c t i o n  of computations f o r  t h e  WSP from 
d = 3.0 f t  
Computations f o r  t h e  WSP a r e  t o  be made i n  a downstream 
d i r e c t i o n  from d = 3.0 f t  because flow is  s u p e r c r i t i c a l .  

4. Determining whether t h e  depths of t h e  WSP approach dn,&, 
m, o r  dc,& i n  t h e  d i r e c t i o n  of t h e  WSP computations 

a. Since so > 0; dn,Q e x i s t s  and Zepths do not approach 
i n f i n i t y  . 

b. i .  Since flow i s  subnormal a t  d = 3.0 f t  

> d n , ~  
ii. Since flow i s  s u p e r c r i t i c a l  at  d = 3.0 f t  

d < d c , ~  

S i i .  Thus, dn Q <  d < d , ? ~  the re fo re  d , ? ~  does 
not l i e  6etween d and d , , ~ .  Depths of 
t h e  WSP approach dn Q i n  t h e  d i r e c t i o n  of 
computations (i. e. &ownstream). 

5 .  Determining t h e  p o s s i b i l i t y  of a hydraulic jump 
terminating t h i s  WSP 
Since t h e  depths of t h e  WSP approach dnJ Q, a hydraulic 
jump w i l l  no t  terminate t h i s  WSP unless a s u f f i c i e n t l y  
high t a i l  water downstream induces t h e  formation of a 
jump i n  t h i s  channel. 

6. Determining t h e  instantaneous r a t e  of f r i c t i o n  l o s s  a t  
d = 3 . 0  f t  

f t - l b / f t  length  of channel f o r  each pound of water.  
This r a t e  of f r i c t i o n  l o s s  i s  l e s s  than so = 0.02 
which i s  t o  be expected f o r  a l l  subnormal flows. 

7. a .  Since flow i s  subnormal t h e  spec i f i c  energy head i s  
increasing i n  t h e  downstream d i rec t ion .  This i s  
consis tent  with t h e  f a c t  t h a t  sf < so. 

b. The ve loc i ty  i s  increasing i n  t h e  downstream d i rec -  
t i o n  s ince  flow is  accelera ted .  



c .  The depth  of flow i s  decreas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  acce l e ra t ed .  

d .  The depth  of flow i s  d ive rg ing  from d , , ~  i n  t h e  
downstream d i r e c t i o n  s i n c e  flow i s  subnormal. 

e .  Type of bottom s lope  of t h e  channel i s  s t e e p  s i n c e  

%,Q < % , Q *  

Example 2. 

Given: The same channel as Ekample 1. The channel  i s  conveying 
Q = 100 c f s  and t h e  given depth  i s  d = 3.0 f t .  

Determine: Same items a s  l i s t e d  i n  Ekample 1. 

Solu t ion:  1. The q u a n t i t i e s ,  a, p, T, r, and @,d a t  d =3.0 f t  
remain t h e  same as were eva lua ted  i n  Example 1. 

Determining whether flow i s  supernormal o r  subnormal 

Flow i s  subnormal. 

Determining whether flow i s  s u p e r c r i t i c a l  o r  sub- 
c r i t i c a l  

Flow i s  s u b c r i t  i c a l .  
The c l a s s i f i c a t i o n  of  v a r i e d  flow at d = 3.0 f t  
and d ischarge  Q = 100 c f  s i s  subnormal and sub- 
c r i t i c a l .  

Determining type  of flow 
The p r e f i x e s  of t h e  c l a s s i f i c a t i o n  a r e  a l i k e ;  hence, flow 
i s  r e t a rded  a t  d = 3.0 f t .  

Determining t h e  d i r e c t i o n  of computations f c r  t h e  WSP 
from d = j.0 f t  
Computations f o r  t h e  WSP a r e  t o  be made i n  an upstream 
d i r e c t i o n  from d = 3.0 f t  because flow i s  s u b c r i t i c a l .  

Determining whether t h e  depths of t h e  WSP approach d 

a, dC, i n  t h e  d i r e c t i o n  of t h e  WSP computations.  n, Q,' 

a .  Since so  > 0; d n , ~  e x i s t s  and depths do not approach 
i n f i n i t y .  

b .  Since flow i s  subnormal and s u b c r i t i c a l ,  i . e . ,  

d > dn, and d > d,, Q t h e  r e l a t i v e  va lue  of d,, Q 

and d , , ~  a r e  unknown. To a s c e r t a i n  t h e  depths 
towards which t h e  WSP approaches one must know 
whether d , , ~  l i e s  between d and dn Q. Thus, t h e  
va lue  of d , , ~  and d , , ~  a r e  requires o r  t h e  va lue  
of S,,Q i s  requi red  t o  a s c e r t a i n  i f  dc ,& l i e s  be- 
tween d and d,, Q. 



i. Determining d c , ~ .  From ES-24 f o r  - & = - 100 
z 2 b 1 0  = and - = 3 = 0.2 read  d c J Q  = 1.53 f t .  
b 

i Z. Determining d , Q From ES-55 T o r  

and z = 2 read  = 0.063 

dn,Q = 0.63 rt. 

Thus, d c ? 4  < d > dn Q and flow depths a r e  
approachmg dc, Q = i. 33 f t  i n  an  upstream 
d i r e c t i o n .  

5. Determining t h e  p o s s i b i l i t y  of a hydraul ic  jump termina-  
t i n g  t h i s  WSP 
Since t h e  depths of t h e  WSP approach d , , ~ ,  a hydraul ic  
jump w i l l  t e rmina te  t h i s  WSP i n  t h e  d i r e c t i o n  of compu- 
t a t i o n s  un le s s  a break  i n  grade occurs  be fo re  t h e  sequent 
depth  of  t h e  jump is  a t t a i n e d .  

6. The ins tan taneous  f r i c t i o n  head l o s s  of  d = 3.0 f t  i s  

f t  - l b s / f t  l e n g t h  of  channel pe r  pound of water .  

This r a t e  of  f r i c t i o n  l o s s  i s  l e s s  t han  so  = 0.02 which 
i s  t o  be  expected f o r  a l l  subnormal f lows.  

7.  a. Since flow is  subnormal, t h e  s p e c i f i c  energy head 
i s  i nc reas ing  i n  t h e  downstream d i r e c t i o n .  This 
i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  

Sf < So 
b .  The v e l o c i t y  i s  decreas ing  i n  t h e  downstream d i r e c t i o n  

s i n c e  flow i s  r e t a rded .  

c .  The depth  of flow i s  inc reas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  r e t a rded .  

d.  The depth  o f  f low i s  d iverg ing  from d , , ~  i n  t h e  
downstream d i r e c t i o n  s i n c e  flow i s  subnormal. 

e .  Type of bottom s lope  of t h e  channel  i s  s t e e p  s i n c e  

d c ) ~  > d n ) ~  

Example 3. 

Given: The same channel as Example 1 except so = 0.005. The channel 
i s  conveying Q = l o 0 0  c f s  and the given depth  is  d = 3.0 f t .  

Determine: Same items a s  l i s t e d  i n  &ample 1. 



@ Solu t ion:  1. a. The q u a n t i t i e s  a ,  p, T, r and at d = 3.0  f t  

remain t h e  same as were evaluated i n  Example 1. 

Q ,  = 6.64 x l o 5  
Determining whether flow i s  supernormal o r  subnormal 

Flow is supernormal. 

Determining whether flow is  s u p e r c r i t i c a l  o r  sub- 
c r i t i c a l  

Flow i s  s u p e r c r i t  i c a l .  

The c l a s s i f i c a t i o n  of  va r i ed  flow at d = 3.0 f t  and 
d ischarge  Q = 1000 c f s  i s  supernormal and super-  
c r i t i c a l .  

2. Determining type  of  flow 
The p r e f i x e s  of t h e  c l a s s i f i c a t i o n  a r e  a l i k e ;  hence, 
flow i s  r e t a rded  a t  d = 3.0 f t .  

3. Determining t h e  d i r e c t i o n  of  computations f o r  t h e  WSP 
from d = 3.0  f t  
Computations f o r  t h e  WSP a r e  t o  be made i n  a downstream 
d i r e c t i o n  from d = 3.0 f t  because flow i s  s u p e r c r i t i c a l .  

4. Determining whether t h e  depths of t h e  WSP approach d 
n, Q' 

m, o r  dc, Q i n  t h e  d i r e c t i o n  of t h e  WSP computations 

a.  Since so > O j  d n , ~  e x i s t s  and depths  do not  approach 
i n f i n i t y  . 

b. Since flow i s  supernormal and s u p e r c r i t i c a l ,  i . e . ,  
d < dn, Q and d < dc, Q, e i t h e r  t h e  va lues  of  dn, and 
d c , ~  a r e  r equ i r ed  o r  t h e  va lues  of s, corresponding 
t o  t h e  d ischarge  Q i s  r equ i r ed  t o  a s c e r t a i n  i f  d , , ~  
l i e s  between d and dn,Q. 

Determining t h e  c r i t i c a l  s lope  sc  corresponding 
t o  t h e  d ischarge  Q. 

Q 1000 z 2 
b 1 0  

- 100 and - - - From ES-24 f o r  - = - - 
b - 1 0  

read  dc, Q = Lk.915 f t  . 
S u b s t i t u t i n g  i n t o  t h e  r e l a t i o n  

n Q 2 
sc = L1.486 a, rc2/31 where 



Thus, s ince  so  = 0.005 > sc  = 0.001079 t h e  slope 
i s  s teep and d n,Q < 
Since flow i s  supernormal and s u p e r c r i t i c a l  and 
on a s t eep  s lope  

The value of dn, Q can be determined, i f  des i red ,  
from ES-55 

dn Q Read, from ES-55, t h e  value = 0.334 

o r  d , , ~  = 3.34 f t  
which confirms d < dn,g = 3 . 3 4  f t  < dc,g = 4.915 f t .  

Flow depths of t h e  WSP a r e  approaching asymp- 
t o t i c a l l y .  

5. Determining t h e  p o s s i b i l i t y  of a  hydraulic jump terminating 
t h i s  WSP 
Since t h e  depths of t h e  WSP approach dn,Q, a hydraulic 
jump w i l l  not terminate t h i s  WSP unless a s u f f i c i e n t l y  
high t a i l w a t e r  induces t h e  formation of a jump i n  t h i s  
channel. 

6. Determining t h e  instantaneous r a t e  of f r i c t i o n  l o s s  a t  
a = 3.0 f t  

f t  l b s / f t  l eng th  of channel f o r  each pound of water.  

This r a t e  i s  g r e a t e r  than so = 0.005 which i s  t o  be ex- 
pected f o r  a l l  supernormal flows. 

Observe t h i s  r a t e  of f r i c t i o n  l o s s  is  t h e  same a s  was ob- 
ta ined i n  Example 1, which i s  t o  be expected f o r  t h e  
channel cross sec t ions  n, Q and d a r e  t h e  same i n  t h e  two 
examples. 

7.  a .  Since flow i s  supernormal, t h e  spec i f i c  energy head 
i s  decreasing i n  t h e  downstream d i rec t ion .  This i s  
consis tent  with t h e  f a c t  t h a t  sf > so. 



b.  The v e l o c i t y  is decreas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  r e t a rded .  

c .  The depth  of  flow i s  i nc reas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  r e t a rded .  

d .  The flow is  converging towards d , , ~  i n  t h e  down- 
s t ream d i r e c t i o n  s i n c e  flow i s  supernormal. 

e .  The bottom s lope  of t h e  channel i s  s t e e p  s i n c e  
so > s,. 

Example 4.  

Given: The same channel a s  Ekample 1 except so = 0.0005. The channel 
i s  conveying Q = 1000 c f s  and t h e  given depth  i s  d = 3.0 f t .  

Determine: Same items as l i s t e d  i n  Example 1. 

Solu t ion:  1. a. The q u a n t i t i e s  a, p, T, r and Q~ a t  d = 3.0 f t  
c ,d  

remain t h e  same as were eva lua ted  in Bample  1. 

b. Determining whether flow i s  supernormal o r  subnormal 

Flow i s  supernormal.  

c .  Determining whether flow i s  s u p e r c r i t i c a l  o r  sub- 
c r i t i c a l  

Flow i s  s u p e r c r i t i c a l .  

The c l a s s i f i c a t i o n  of va r i ed  flow a t  d = 3.0 f t  and 
d ischarge  1000 c f s  i s  supernormal and s u p e r c r i t i c a l .  

2. Determining type  of flow 
The p r e f i x e s  of t h e  c l a s s i f i c a t i o n  are a l i k e ;  hence, flow 
i s  r e t a rded  a t  d = 3.0 f t  

3. Determining t h e  d i r e c t i o n  of  computation f o r  t h e  WSP from 
a = 3.0 ft; 
Computations f o r  t h e  WSP a r e  t o  be made i n  a downstream 
d i r e c t i o n  from d = 3.0 f t  because flow i s  s u p e r c r i t i c a l .  

4. Determining whether t h e  depths of t h e  WSP approach d , , ~ ,  
m, o r  dc ,g  i n  t h e  d i r e c t i o n  of  t h e  WSP computations.  

a. Since so > 0; dnYQ e x i s t s  and depths do not approach 
i n f i n i t y  . 



b. Since flow i s  supernormal and s u p e r c r i t i c a l ,  i . e ,  
d < and d < dc7Q, e i t h e r  t h e  values of d * , ~  and 

a r e  required o r  t h e  values of sc  corresponding 
t o  t h e  discharge Q i s  required t o  asce r ta in  i f  d 
l i e s  between d and dnJQ. c ,  Q 

The value of t h e  c r i t i c a l  s lope sc corresponding 
t o  t h e  discharge Q = 1000 c f s  was evaluated i n  
problem 3 a s  

Since so = 0.0005 < sc = 0.001079 t h e  slope i s  
mild and d,, < dnJQ. Hence, s ince  d < d C J Q  

t h e  c r i t i c a l  depth dC7 l i e s  between d and d n, Q. 
Therefore, flow depths a r e  approaching d c7 Q' 

5. Determining t h e  p o s s i b i l i t y  of a  hydraulic jump terminat-  
ing t h i s  WSP 
Since t h e  depths of t h e  WSP approach dC7&, a:hydraulic 
jump w i l l  terminate t h i s  WSP wless  a break i n  grade 
occurs before t h e  i n i t i a l  depth of t h e  jump i s  a t t a i n e d .  

6. Determining t h e  instantaneous r a t e  of f r i c t i o n  l o s s  a t  
d = 7.0 f t  

f t - l b s / f t  length  of channel f o r  each pound of water. 

Observe t h i s  r a t e  of f r i c t i o n  l o s s  i s  t h e  same as  was 
obtained i n  Examples 1 and 3. This i s  t o  be expected 
s ince  the  channel cross  sec t ion,  n, Q and d a r e  t h e  
same i n  t h e  th ree  examples. 

7. a .  

b .  

C .  

d .  

e .  

Example 5. 

Since flow i s  supernormal, t h e  s p e c i f i c  energy head 
i s  decreasing i n  t h e  downstream d i rec t ion .  This is  
consis tent  with t h e  f a c t  t h a t  sf > so. 

The ve loc i ty  i s  decreasing i n  t h e  downstream 
dtr-ection s ince  flow i s  retarded.  

The depth of flow i s  increas ing i n  t h e  downstream 
d i r e c t i o n  s ince  flow i s  re tarded.  

The flow i s  converging towards dC,& i n  t h e  down- 
stream d i r e c t i o n  s ince  flow i s  supernormal. 

The bottom slope of t h e  channel is  mild s ince  
So < sc .  

Given: The same channel a s  Ekample 1 except so = 0. The channel is  
conveying Q = 100 c f s  and t h e  given depth i s  d = 3.0 f t .  

Determine: Same items a s  l i s t e d  i n  Example 1. - 



a Solu t ion:  1. a. The q u a n t i t i e s  a, p, T, r and Q2 at  d = 3.0 f t  
c ,d  

remain t h e  same as were eva lua ted  i n  mample 1. 

The va lue  of  $,d is  zero, however t h e  va lue  of  

Determining whether flow i s  supernormal o r  subnormal 

Since so = 0, flow i s  supernormal. 

Determining whether flow i s  s u p e r c r i t i c a l  o r  sub- 
c r i t i c a l  

Flow i s  s u b c r i t i c a l .  

The c l a s s i f i c a t i o n  of  v a r i e d  flow a t  d = 3.0 f t  and 
d ischarge  Q = 100 c f s  i s  supernormal and s u b c r i t i c a l .  

2. Determining type  of flow 
The p r e f i x e s  of t h e  c l a s s i f i c a t i o n  a r e  unl ike ;  hence 
f low is  a c c e l e r a t e d  at  d = 3.0  f t .  

3.  Determining t h e  d i r e c t i o n  of computations f o r  t h e  WSP 
from d = 3.0 f t .  
Computations f o r  t h e  WSP a r e  t o  be made i n  an upstream 
d i r e c t i o n  from d = 3.0 f t  because flow i s  s u b c r i t i c a l .  

4. Determining whether t h e  depths of t h e  WSP approach d 
W, o r  dc,& i n  t h e  d i r e c t i o n  of t h e  WSP computations.  n, Q' 

a .  Since so  = 0; d does not  e x i s t  and depths approach n, Q d,, o r  i n f i n i t y  . 
Flow i s  s u b c r i t i c a l  t hus  

d c , ~  < d < i n f i n i t y  

a n d d  does not l i e b e t w e e n d  a n d i n f i n i t y .  There- 
c,  Q f o r e  depths of t h e  WSP a r e  approaching i n f i n i t y  i n  

a n  upstream d i r e c t i o n .  

5. Determining t h e  p o s s i b i l i t y  of a hydraul ic  jump t e rmina t -  
i n g  t h i s  WSP 
Since t h e  depth  o f  t h e  WSP does not approach dc Q, a 
hydrau l i c  jump w i l l  not t e rmina te  t h i s  WSP i n  t h e  d i r e c t i o n  
of WSP computations unless  a jump was induced by some 
cond i t i on  causing s u p e r c r i t i c a l  flow i n  t h e  upstream 
p o r t i o n  of t h i s  channel.  

6. Determining t h e  ins tan taneous  r a t e  of f r i c t i o n  l o s s  a t  
d = 3.0  f t  

0 .OOOO753 f t  - l b s / f t  l e n g t h  of  channel p e r  pound of 
water  . 



Observe t h i s  r a t e  of f r i c t i o n  l o s s  i s  t h e  same a s  w a s  
obtained, i n  Ekample 2. This  i s  t o  be expected s i n c e  
t h e  channel c r o s s  s ec t ion ,  n, Q and d a r e  t h e  same i n  
t h e  two examples. 

7. a. Since flow i s  supernormal t h e  s p e c i f i c  energy head 
i s  decreas ing  i n  t h e  downstream d i r e c t i o n .  This 
i s  c o n s i s t e n t  w i th  t h e  f a c t  sf > so. 

b. The v e l o c i t y  i s  i nc reas ing  i n  t h e  downstream d i r e c -  
t i o n  s i n c e  flow i s  a c c e l e r a t e d .  

c .  The depth of flow is  decreas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  a c c e l e r a t e d .  

d .  The flow i s  converging towards d , , ~  i n  t h e  down- 
s t ream d i r e c t i o n  s i n c e  flow i s  supernormal. 

e .  The bottom s lope  of t h e  channel is  h o r i z o n t a l .  

Example 6. -- 
Given: The same channel a s  Example 1 except so  = - 0.005. The channel 

i s  conveying Q = 1000 c f s  and t h e  given depth  i s  d = 3.0 f t .  

Determine: Same items a s  l i s t e d  i n  Example 1. 

Solu t ion:  1. a. The q u a n t i t i e s  a, p, T, r and Q: a t  d = 3 .0  f t  
remain t h e  same as eva lua ted  i n  &ample 1. 

b .  Determining whether flow i s  supernormal o r  subnormal 
Since so  < 0, flow i s  supernormal. 

c . Determining whether flow i s  s u p e r c r i t i c a l  o r  sub- 
c r i t i c a l  

Flow i s  s u p e r c r i t i c a l .  

The c l a s s i f i c a t i o n  of  va r i ed  f low a t  d = 3 . 0  f t  and 
t h e  d ischarge  Q = 1000 c f s  i s  supernormal and super-  
c r i t i c a l .  

2. Determining type  of flow 
The p r e f i x e s  of t h e  c l a s s i f i c a t i o n  a r e  a l i k e ;  hence, flow 
i s  r e t a rded .  

3. Determining d i r e c t i o n  of comput.ations f o r  t h e  WSP from 
ci =3.0 f t  
Computations f o r  t h e  WSP a r e  t o  be made i n  a downstream 
d i r e c t i o n  from d = 3 . 0  f t  because flow i s  s u p e r c r i t i c a l .  

4. Determining whether t h e  depths of t h e  WSP approach d , , ~ ,  
03, o r  dC, Q i n  t h e  d i r e c t i o n  of t h e  WSP computations 

a .  Since so < 0; d , , ~  does not e x i s t  and depths approach 
i n f i n i t y  o r  dc, Q 



Flow i s  s u p e r c r i t i c a l  t h u s  
d < d C J g  < i n f i n i t y  

and d , , ~  l i e s  between d and i n f i n i t y .  Therefore,  
depths of  t h e  WSP a r e  approaching d , , ~  i n  a down- 
s t ream d i r e c t i o n .  

5. Determining t h e  p o s s i b i l i t y  of a hydraul ic  j m p  t e rmina t  - 
i ng  t h i s  WSP 
Since t h e  depths of  t h e  WSP approach d c , ~ ,  a hydraul ic  
jump w i l l  t e rmina te  t h i s  WSP i n  t h e  d i r e c t i o n  of WSP 
computations unless  a break  i n  grade occurs  before  t h e  
WSP a t t a i n s  t h e  i n i t i a l  depth  of t h e  hydraul ic  jump. 

6. Determining t h e  ins tan taneous  r a t e  of  f r i c t i o n  l o s s  a t  
d 4 . 0  f t  

L ' A  

f t - l b s / f t  l e n g t h  of channel  p e r  powd  of water .  

Observe t h i s  r a t e  of f r i c t i o n  l o s s  i s  t h e  same as was 
obtained i n  Examples 1, 3, and 4. This i s  t o  be ex-  
pected s i n c e  t h e  channel  c r o s s  s e c t i o n ,  n, Q and d a r e  
t h e  same i n  t h e  four  examples. 

7.  a .  Since flow i s  supernormal, t h e  s p e c i f i c  energy head 
i s  decreas ing  i n  t h e  downstream d i r e c t i o n .  This  i s  
c o n s i s t e n t  w i th  t h e  f a c t  t h a t  sf > so .  

b .  The v e l o c i t y  i s  decreas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  r e t a r d e d .  

c .  The depth  of flow i s  i nc reas ing  i n  t h e  downstream 
d i r e c t i o n  s i n c e  flow i s  r e t a rded .  

d .  The flow i s  converging towards d , , ~  i n  t h e  down- 
s t ream d i r e c t i o n  s i n c e  flow i s  supernormal. 

e .  The bottom s lope  of t h e  channel  is  adverse ly  s loped .  
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HYDRAULICS: TERMINATION OF WSP BY A HYDRAULIC JUMP 

I n  each f i g u r e  t h e  WSP f o r  t h e  c l a s s i f i c a t i o n  given on t h e  l e f t  s i d e  i s  designated by a heavy l i n e  

I f  d,,g$dn,Q, 011 WSP of  r e t o rded  f low which approoch dc,Q tn  the d m c t t o n  of computatianr wi l l  terminate o t  o hydroulic rump unless termmafed b y  o breok in grode prior to  the jump Hydraulic jumps are ,nherently o r i ocmfed  w t h  there WSP 

The i n ~ t s o l  depth of the hydroulic i m p  l ies on a WSP a r r o c ~ o t e d  with rvpercr r t i ro l  f low o n d  =,ther 

< g  . 
; " -  Svbno ima l  f low No rmo l  f low Supernormal f low 
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C . 0  

E "  2 > c  

; p :  

2 ! < =  
5 2 : ;  

2 g 
c u a z  

H y d r o d c  lump. moy lermlnale,  ~n t h e  d, rectmn of  computolmnr. WSP o f  ony  r l a r r l t c o l t o n  The lo l lowtng e romp le r  show the termlnot ton o f  WSP, in the dtrection 01 c o m ~ u t a t , o n s .  b y  induced hvdroullc lvmor  
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F low  is  r u b w m d  ond r v r a r r r l l l r o l  ~ " , ~ ~ d ~ . f e l ~  d a n r f r l r m  I r a  ,he bn.k rngrode 
Dderm,m the W S P  by  rmpu t lw  dorodroom born rh. b r e d  in gr.de dc.o 
*he stor t<ng depth. F l ow  !, m d w o t e d  d ~ ~ y m p , ~ , , r ~ l ~ y  s p F w  =he, d",& mssoc I. 
or-d r , ,h rhc dans r r -m  ch.,,-l. 

Dekmma lhe W S P  bv c m p u t i o g  dnmr t r oom from thc kc& 
gmdo v r w  dcea or lh. s r ~ ~ i n w  d-prb. F l a  15 ~ ~ r ~ l ~ , . r e d  
d w m p r d r c . l l y  ~ p ~ m c k r  d,,- asracm)od ~ , t h  the dm- 
rm.n c l anm1 .  

F l o w  13 .ubnormol ~ n d  .ubcrlrxml m m d m l a l y  upslr..m kom 
the b r w k  tn g r d . .  Dcnrmlne rhc W S P  by .onputlng u p ~ t r - m  
horn Ih. b e o h  m pro& u,,op d",. o,,ooated r,,h ,ha d o m .  
st-.n r b n w l  01 rhe smrrmw Apth. F l a  ~r o c r d m r o h d  and 
~*mp'or~c. l ly  .pproorh.s d",o .*locl.*d r,b ,he up.m.m 
chonm l .  
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