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'I 
His tory  of Development. B u l l e t i n  No. 35 of t h e  Engineering Experiment S t a -  
t i o n  of Oregon S t a t e  College da ted  June 1954 by Malcolm H. Karr and L e s l i e  A. 
Clayton e n t i t l e d  "Model S tud ie s  of I n l e t  Designs f o r  Pipe Culver t s  on Steep 
Grades1' f i r s t  p resented  t h e  concept of what we have chosen t o  c a l l  t h e  "hood 
i n l e t . "  This  research  e s t a b l i s h e d  t h e  f a c t  t h a t  a  cu lve r t  can be made t o  
flow f u l l  even though t h e  s lope  of t h e  c u l v e r t  i s  g r e a t e r  t han  n e u t r a l  s lope  
( s e e  Nat iona l  Engineering Handbook, Sec t ion  5, Hydraulics,  page 5.5-3) i f  
t h e  i n l e t  i s  p roper ly  proport ioned.  The maximum cu lve r t  s lope  t e s t e d  was 8 
percent .  The t e s t s  were conducted on a  p l e x i g l a s  pipe having an i n t e r n a l  
diameter of 4 i n .  and a  l eng th  of 82 i n .  No an t i -vo r t ex  device was provided. 

This  r e p o r t  was brought t o  t h e  a t t e n t i o n  of t h e  Design Sec t ion  by Fred W .  
B l a i s d e l l ,  P ro j ec t  Supervisor ,  ARS, a t  t h e  S t .  Anthony F a l l s  Hydraulic Labo- 
r a t o r y  of t h e  Univers i ty  of Minnesota, who recognized a  p o t e n t i a l  use f o r  
such a  sp i l lway i n  Serv ice  opera t ions .  The r e p o r t  was c a r e f u l l y  s tud ied  i n  

w t h e  Design Sec t ion  and copies  were purchased and d i s t r i b u t e d  t o  t h e  Engineer- 
i ng  and Watershed Planning Uni t s  and t h e  S t a t e  Conservation Engineers .  Soon 
it was gene ra l ly  agreed t h a t  a sp i l lway of t h i s  type  would have cons iderable  
use  i n  t h e  Serv ice  program. 

However, s e v e r a l  quest ions regarding t h e  hydraul ic  design of t h e  hood i n l e t  
and t h e  need f o r  an an t i -vo r t ex  device t o  be  used i n  a s s o c i a t i o n  wi th  it were 
r a i s e d  by B l a i s d e l l ,  M. M. Culp, and P. D .  Doubt. It seemed wise t o  extend 
t h e  work of Karr and Clayton by a d d i t i o n a l  research  under B l a i s d e l l ' s  d i r ec -  
t i o n .  

B l a i s d e l l  and C .  A. Donnelly have a r r i v e d  a t  t e n t a t i v e  r e s u l t s  t h a t  j u s t i f y  
pub l i ca t ion  i n  t h i s  t e c h n i c a l  r e l e a s e .  Thei r  s t u d i e s  cont inue.  

The work a t  S t .  Anthony F a l l s  Hydraulic Laboratory v e r i f i e d  t h e  genera l  f i nd -  
ings  of Karr and Clayton, po in ted  out  t h e  neces s i ty  f o r  an t i -vo r t ex  devices  
t o  s t a b i l i z e  flow condi t ions  and t o  i n su re  f u l l - p i p e  flow, and demonstrated 
t h e  need f o r  a  longer  hood and f o r  providing p ro t ec t ion  aga ins t  scour  of t h e  
embankment i n  t h e  v i c i n i t y  of t h e  i n l e t .  The t e n t a t i v e  f ind ings  of B l a i s d e l l  
and Donnelly a r e  presented  i n  t h e  fol lowing d iscuss ion  on propor t ions  of t h e  
hood i n l e t  and scour  p r o t e c t i o n  requirements.  They a r e  app l i cab le  f o r  pipe 
s lopes  not  i n  excess  of 36 percent ,  t h e  l i m i t  of p resent  t e s t s .  

l ~ h i s  t e c h n i c a l  r e l e a s e  w a s  w r i t t e n  by M. M. Culp, Head, Design Sect ion,  
wi th  a s s i s t a n c e  from A. R .  Gregory and H. J .  Goon. 



Proport ions of I n l e t  and Anti-vortex Device. The p re sen t ly  recommended mini- 
mum propor t ions  of t h e  hood i n l e t  and a n t i - v o r t e x  device a r e  given i n  F ig .  1. 

LAnt i -vor tex  device 
l o c a t e d  i n  v e r t i c a l  
plane through cen te r  
of pipe 

Model s t u d i e s  show t h a t  it i s  not  necessary f o r  t h e  an t i -vo r t ex  device t o  
extend below t h e  crown of t h e  p ipe  t o  accomplish i t s  hydraul ic  func t ion .  
For p ipes  of s i g n i f i c a n t  s i ze ,  however, it w i l l  probably be  necessary o r  
d t s i r a b l e  t o  provide a d d i t i o n a i  s t r u c t u r a l  support f o r  t h e  an t i -vo r t ex  de- 
v i c e  by extending it downward i n  f r o n t  of t h e  p ipe  i n t o  t h e  paving provided 
f o r  scour p ro t ec t ion .  Although no t e s t  da t a  a r e  a v a i l a b l e  on t h e  e f f e c t  of 
th ickness  of t h e  an t i -vo r t ex  device on discharge capac i ty  when it i s  ex- 
~ m d e d  downward i n  f r o n t  of t h e  p ipe  opening, it i s  be l i eved  t h a t  t h e  r a t i o  
of t he  thickness  of t h e  an t i -vo r t ex  device t o  t h e  i n t e r n a l  diameter of t h e  
pipe D should not  exceed about 0.2. 

Scour Near t h e  I n l e t  and P ro tec t ion  Required. Under f u l l - p i p e  flow condi- 
t i o n s  high v e l o c i t i e s  e x i s t  near  t h e  p ipe  en t rance .  Under c e r t a i n  condi- 
t i o n s  t hese  v e l o c i t i e s  a r e  g r e a t  enough t o  move rock r i p r a p  having a mean 
diameter g r e a t e r  than  t h e  diameter of t h e  p ipe .  I n  o r d i n a r y ~ o i l s  o r  sands 
without p r o t e c t i o n  by paving o r  r i p rap ,  a  scour  ho le  i s  developed. Accord- 
i ng  t o  B l a i s d e l l ,  t h e  scour hole  rad ius ,  scour  ho le  depth, and t h e  s i z e  of 
g r a i n  f o r  imminent movement a r e  given by t h e  fol lowing equat ions.  



where R = 
D = 
Q = 

radius  of scour hole i n  cohesionless mater ia l ,  f t  
diameter of pipe, f t  
discharge, c f s  
mean g ra in  s i z e  of cohesionless mater ia l ,  f t  
depth of scour hole  i n  cohesionless mater ia l ,  f t  

The quest ion a r i s e s  a s  t o  t h e  values of d t o  be used i n  E q .  1, 2, and 3. It 
should be noted t h a t  Eq. 3 i s  derived d i r e c t l y  from Eq. 2 by s e t t i n g  the  
r a t i o  S t D equal t o  zero i n  Eq .  2 .  Trac t ive  force  equations f o r  bed move- 
ment of p a r t i c l e s  i n  open channel flow a r e  genera l ly  r e l i a b l e  f o r  p a r t i c l e s  
down t o  a s i z e  of about 0 . 5  mm. (1 ma = 0.003281 f t  = 0.03937 i n .  ) B l a i s d e l l  
developed t h e  equations given above from t e s t s  on a pipe having afi i n s ide  
diameter of 2.25 i n .  and wi th  sands o r  gravels  of near ly  uniform s i z e .  The 
mean diameters of t h e  p a r t i c l e s  i n  d i f f e r e n t  l o t s  ranged from 0.006 i n .  t o  
2 i n .  Thus, t h e  range i n  d t D a c t u a l l y  t e s t e d  was from 0.0026 t o  0.89. 

Many, i f  not most, of t h e  s o i l s  used i n  t h e  cons t ruc t ion  of farm ponds and 
o the r  upstream dams have mean diameters considerably l e s s  than  0.5  mm. ~ e n c e ,  
t h e r e  i s  some quest ion a s  t o  t h e  d i r e c t  app l i ca t ion  of these  equations f o r  
computing t h e  s i z e  and depth of t h e  scour hole  t h a t  might be developed. The 
equations do not account f o r  t h e  e f f e c t s  of cohesion nor of t h e  vegeta t ive  
cover t h a t  might develop around t h e  hood i n l e t ,  which would t end  t o  reduce 
t h e  s i z e  of t h e  scour ho le .  

It seems reasonable t o  assume, on a t r i a l  bas i s ,  subjec t  t o  f i e l d  observation 
and check, t h a t  t h e  radius  and depth of t h e  scour hole t h a t  would develop 
without r i p r a p  o r  paving could be computed wi th in  acceptable l i m i t s  of accu- 
racy by assuming d = o .5 ma = 0.00164 f t  . 

Hydraulic Design. The add i t ion  of a hood and an adequate an t i -vor t ex  device 
t o  t h e  i n l e t  of a culver t  on a s t eep  (above neu t ra l )  s lope w i l l  make t h e  cul-  
v e r t  flow f u l l  under t o t a l  ava i l ab le  head when t h e  water sur face  above t h e  
i n l e t  reaches an e l eva t ion  above t h e  inve r t  of t h e  cu lve r t  a t  i t s  i n l e t  end 
a s  given by Eq. 8. The t o t a l  ava i l ab le  head w i l l  equal t h e  d i f ference  i n  
e l eva t ion  between t h e  center  l i n e  of t h e  culver t  a t  i t s  o u t l e t  end o r  t h e  
e l eva t ion  of t h e  t a i lwa te r ,  whichever i s  t h e  highest ,  and t h e  e levat ion  of 
the water sur face  above t h e  cu lve r t .  

Under fu l l - f low condit ions t h e  discharge through t h e  cu lve r t  spi l lway can be 
computed from t h e  following equations: 

where H = 
v = P 
g = 

Ke = 
Km = 

t o t a l  ava i l ab le  head, f t  
mean v e l o c i t y  i n  t h e  culver t ,  f'ps 
acce le ra t ion  of g rav i ty  = 32.16 f t / s ec2  
entrance l o s s  coe f f i c i en t  
miter-bend l o s s  coe f f i c i en t  



pipe-friction loss coefficient 
discharge, cfs 
cross-sectional area of culvert, ft2 
length of conduit, ft 

Equations 4 and 5 can be combined to give 

Q = a/- 1 + Ke + + KpL - - - - -  (6) 

Available data indicate that for design purposes Ke should be taken as equal 
to 1. 

The miter-bend loss, if involved, can be computed with sufficient accuracy 
from the equation 

where n = Manning's roughness coefficient for the pipe 
a = the deflection angle in the pipe, degrees;when (a 5 30') 

Values of Kp can be read for ordinary pipe sizes and materials from drawing 
ES-42 . 
A general description of flow conditions in the spillway should be helpful 
in understanding the procedure involved in computing a stage-discharge curve 
should it be necessary. 

Weir flow controls the discharge of a steep culvert as the upstream stage 
rises above the invert of the inlet. Weir flow continues to control the 
discharge -antilthe h + D ratio reaches approximately 1.1, where h is the 
difference in elevation between the inlet invert and the upstream water 
surface. At an h + D ratio of about 1.1, the culvert starts to prime and 
occasional slugs form and pass away from the inlet. As the head continues 
to rise, slugs of full-pipe cross section form more frequently, and then the 
pipe starts to flow full of a mixture of air and water. When the h + D 
ratio becomes large enough, the pipe will be completely primed and flowing 
full of water under total head. The entire transition from weir to full- 
pipe flow is smooth and positive if an adequate anti-vortex device and hood 
have been provided. 

The weir-flow portion of the stage-discharge curve may be computed with ac- 
ceptable accuracy from data published by Prof. F. T. Mavis in Bulletin No. 
56 of the Pennsylvania State College Engineering Experiment Station entitled 
"The Hydraulics of Culverts." The following table has been prepared from 
Fig. 23 of this bulletin. 
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TEMPERATURE vs. VAPOR PRESSURE OF W A ~ E R  
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4YDRAULICS: HEAD LOSS COEFFICIENTS FOR CIRCULAR AND 
SQUARE CONDUITS FLOWING FULL 

Pipe flow 
diom. urea 
inches sq ff: 
6 01/96 

h".D L 0.55 COPff/C/ENjl/7; Kc, FOR 29. /6 nL 
SQUARi? C'NDU/T FL OHLU6 FULL lc=- f $ 

c0dUj;c 

Size 
feet 

Nomenc/ofure : 

u = Cross-sectlono/ o m  o f  f /ow in  sq. ff. 
d~ = /ns/de dhmefer ofp& /h /&he5 
q = Acce/eroflon o f  grov/'fy = 32.2 fif per sec. 
4 = Loss of heud i n  feef due fo f h f i o n  io /enyfh L. 
Kc = Head /ass coefficient for squore conduif f/ow/ng fu/L 
Kp = Hewd/oss coeffi'cienf Fdr circular p i p  fiowing fu//. 
L = Length of conduif /n feel: 
n = Monn/ngk coeff/c/'enf o f  roughness. 
4 = D/scharge o r  cupoc/'fy /'in cu ft per sec. 
r = Hydruui/t  radius /A feef. 
v = Meon ve/ocity /'n f f  per sec. 

8 x 8  
8,' x8i 

bom,o/e 1 : Compufe the head /ass in 300ff o f  24 in. diom 
concrete ,ol;oe f/owing fu / /  ond d/schafqinq 
30 c f s .  Assume n = d0/5 

4 30 y = - - -  

flow 
ore0 

Exump/e 2: Compute the d/kcharge o f  o 250f t ,  3 x 3  
square conduif f/ow/nq full if the /ass o f  
head ls determ/ned f o  be 2.25 f t  Assume 
n = 0.014. 
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That part of the stage-discharge curve between an h + D ratio of 1.1 and full- 
pipe flow is given by the following equation: 

where h = difference in elevation in feet between the crest of the spillway 
and the water surface in the reservoir 

The application of Eq. 8 will be illustrated in examples. Simultaneous solu- 
tion of Eq. 4 and 8 yields the discharge and stage h at which slug flow 
changes to full-pipe flow. 

Spillways of the culvert type with hood inlets, anti-vortex devices, and 
barrel slopes in excess ofneutralmay develop pressures near the upstream end 
which are less than atmospheric even though a straight section of pipe on 
nearly flat grade is used at the downstream end as a cantilever outlet. 

Because of the shape of the hood inlet, there is a local contraction of the 
incoming jet away from both the invert and the crown of the pipe at the inlet 
which results in deviations in the pressure in these localized areas below 
the average hydraulic grade line. This decrease in pressure may be as great 
as 0.7(vp2 i 2g) at a point on the crown of the pipe just downstream from the 
lip of the hood; it may be as great as 0.6(vn2 + 2g) at a point in the pipe 

r 
invert just downstream from the crest. 

When the absolute pressure approaches the vapor pressure and cavitation is 
incipient, it is important to know accurately the minimum absolute pressure 
in the pipe. The absolute pressure in the pipe must be greater than vapor 
pressure to avoid cavitation. The minimum absolute pressure is given by the 
following equation. 

2 

hab = ha + h - (1 + Ke + 0.7) 3LD - - - - - - 
2 g 

(9) 

where hab = absolute pressure in feet of water 

ha = atmospheric pressure in feet of water 
h = difference in elevation between water surface in the 

reservoir and the crest of the spillway, ft 

Upon substituting Ke = 1, Eq. 9 becomes 

From Eq. 4, (vp2 i B ~ )  = H + M where M = 

Kp is dependent on the value of Manning's 
is dependent on n. 

(1 + Ke + + KpL). The value of 
roughness coefficient n; thus, M 



Assuming free outflow from the spillway 

where Z = difference in elevation between the crest of the spillway and 
its invert at the outlet, ft 

Then 

For a given location and a given spillway, hab will be a minimum if h is the 
least possible value and (2.7 t M) is less than one thus making [l - (2.7 i M)] 
greater than zero. If the absolute value of (2.7 i M) is greater than one, 
then hab will be a minimum if h has the largest possible value; in this case 
[l - (2.7 i M)I is negative and less than one. For (2.7 + M) to be greater 
than one, M must be less than 2.7 and this would represent an unusual situ- 
ation that might occur with a relatively short barrel and low value of the 
roughness coefficient. 

The absolute pressure decreases as Manning's roughness coefficient decreases. 
Hence, to find the minimum value of the absolute pressure the lowest probable 
value of n should be used in the computations. 

For hydraulic capacity computations, the maximum probable value of n should 
be used to give the minimum certain available discharge capacity. 

Equation 9, 10, 11, and 12 are based on the assumption of full pipe flow. 
Simultaneous solution of Eq. 4 and 8 gives the minimum value of h for full- 
pipe (pressure) flow. Such a solution gives the following quadratic 
equation. 

To find the value of h at which the pipe starts to flow full, solve Eq. 13 
for (Q + D ~ / ~ )  and substitute this value into Eq. 8. This procedure is 
illustrated in Problem No. 3. 

For pipe materials that do not remain absolutely watertight during and after 
installation, the permissible negative pressure should be limited to avoid 
the piping of fine grained or colloidal material from the earth embankment 
through the leaks in the pipe. 

Layout. and Design of Hood Inlets, Anti-vortex Devices, and Trash Guards. The 
layout and design of hood inlets, anti-vortex devices, and trash guards de- 
pends on factors such as 

1. The durability of the spillway. Materials used in the construction 
of the anti-vortex device and trash guard should be generally comparable in 
durability to the material used in the culvert. 



2. Construction techniques and know-how avai lable .  Farm-pond spillways 
t o  be b u i l t  by farmers o r  small farm contractors require simpler de t a i l s  and 
more read i ly  avai lable  mater ia ls  than work done under formal contract  by ex- 
perienced contractors working from de ta i l ed  plans.  

3. Whether o r  not a scour hole under the  pipe i n l e t  i s  permissible. It 
i s  des i rable  t o  provide adequate r iprap o r  paving t o  prevent t he  formation of 
a scour hole under t he  i n l e t .  Paving i s  b e t t e r  than r ip rap  i n  t h a t  it pre- 
vents the  growth of vegetat ion near the  i n l e t ,  where it i s  apt  t o  impair t he  
hydraulic ef f ic iency of t he  e n t i r e  spillway. I n  many areas  r ip rap  of adequate 
s i z e  w i l l  not be readi ly  avai lable .  To provide a reasonable f a c to r  of safety,  
t he  mean s i z e  of r iprap should be twice the  value of d as computed from Eq.  3. 

PLAN 

s t ee l  both w a y s  

ELEVATION 

FIGURE 2 



Figures 2 and 3 present t yp i ca l  layouts of i n l e t s  f o r  farm-pond spillways 
having ba r r e l  diameters equal t o  o r  l e s s  than l2 inches. The anti-vortex 
devices of wrought i ron o r  s t e e l  p l a t e  a r e  held i n  posi t ion by welding them 
t o  the  pipe. Protection against  scour is  provided by a reinforced concrete 
s lab .  Trash guards a r e  required but a r e  not shown on t he  drawing. 

s t e e l  both ways 

FIGURE ='I 

For farm-pond i n s t a l l a t i ons  where adequate r ip rap  o r  paving i s  not avai lable  
or  not apt  t o  be ins ta l l ed ,  suggested layouts a r e  given by Fig. 4 and 5 .  
The method indicated i n  Fig. 4, i n  whlch the  culver t  pipe i s  extended i n t o  
t he  reservoir ,  should not be used where more than a t h i n  f i lm of i c e  might 
form around t h e  i n l e t  and be continuous with i c e  on the  reservoir  water 
surface.  

Water Surface First Pipe Jo in t  

v -  
/D 5 12 i n .  f o r  farm 

pond i n s t a l l a t i ons  

FIGURE 4 



Water Surf ace 

L D 5 12 i n .  f o r  farm 
pond i n s t a l l a t i ons  

4. Culvert mater ia l .  The method used t o  support t he  anti-vortex device 
w i l l  depend on t he  s i z e  of t h e  culver t  b a r r e l  and whether o r  not it i s  made 
of metal t o  which the  ant i -vor tex device can be welded. For wrought i ron  or 
s t e e l  pipes up t o  12 in .  i n  diameter, an anti-vortex device of the  same ma- 
t e r i a l  can be welded d i r ec t l y  t o  t he  top of t he  pipe. For l a rge r  pipes it i s  
b e t t e r  t o  support the  anti-vortex device independently of t he  pipe. This 
can be done i n  several  ways. For pipe 24 in .  or  more i n  diameter t h e  an t i -  
vortex device can be b u i l t  of reinforced concrete t i e d  s t r uc tu r a l l y  t o  t he  
paving used as  protection against  scour. 

Care must be taken t o  insure an adequate approach channel t o  t h e  i n l e t  of a 
culver t  spillway located i n  or  on t he  abutment of t he  dam. SpJllways so  
located a r e  seldom aligned so t he  v e r t i c a l  plane through t he  center  l i n e  of 
t he  b a r r e l  i s  perpepdicular t o  t h e  center  l i n e  of the  embankment. In  such 
cases it i s  almost always necessary t o  excavate i n t o  t he  abutment of t h e  
ea r th  embankment an approach channel t o  t he  spillway i n l e t .  This excavation 
should be large  enough t o  permit water t o  reach t he  i n l e t  from a l l  s ides  
under approximately equal head f o r  a l l  s tages of t he  reservoir  water surface 

For farm-pond i n s t a l l a t i ons  a s a t i s f ac to ry  t r a s h  guard can be b u i l t  of fence 
posts  and woven wire f i e l d  fence. Wood posts  should be pressure-treated and 
should have a minimum b u t t  diameter of 5 inches. S t e e l  posts  a r e  good if 
adequately braced. The fence should be well-braced and should extend from 
the  ground t o  above maximum high water, o r  the  top  of t he  enclosed area  should 
be  covered with t he  fence material .  The top, bottom, and f i l l e r  wires should 
be No. 9 gauge; 11 i s  the  smallest gauge t h a t  should be used. A l l  wire should 
be galvanized. For farm ponds where t he  diameter of the  spillway i s  not more 
than 12 i n .  and t he  head under fu l l -p ipe  flow is  l e s s  than 15 f t ,  an adequate 
t r a s h  guard can be b u i l t  with four posts  s e t  i n  t h e  form of a square with 
s ides  of 3 f e e t .  The posts  should be s e t  a t  approximately equal distances 
from t h e  inver t  of t he  hood i n l e t .  



For l a rge r  and more permanent i n s t a l l a t i ons ,  t r a s h  guards of spec ia l  design 
a r e  required and j u s t i f i ed .  The openings through the  t r a s h  guard should 

l a v e  a cross-sectional  a rea  approxbmtely equal t o  t he  cross-sectional  area  
of the  spillway bar re l ,  and the  horizontal  dimension of the  opening should 
be about 1.5 times the  v e r t i c a l  dimension. The ve loc i t i e s  through t h e  c l ea r  
openings i n  the t r a s h  guard should not exceed 2 f e e t  per second, and prefer-  L 

ably should not exceed 1 foot  per second, f o r  any s tage  of t he  reservoir  
water surface.  

i 
General Comments. The head above t he  c r e s t  required t o  make a culver t  
spillway with hoodsinlet flow f u l l  can be s ign i f i can t ly  g rea te r  than t he  
corresponding head required t o  make a drop i n l e t  flow f u l l .  Comparative 
cost  s tudies  a r e  necessary t o  determine which of t he  two types of spillways 
can be b u i l t  f o r  t he  l e s s e r  cos t  f o r  any spec i f i c  s i t e  and s e t  of design 
c r i t e r i a .  

Problem No. 1: Find t he  discharges and the  locat ion of the  hydraulic grade 
l i n e s  f o r  corrugated metal pipe and welded s t e e l  pipe i n  t he  layout in-  
dicated below i f  both pipes a r e  12 i n .  i n  diameter, and f i n d  t he  minimum 
absolute pressure f o r  t he  resu l t ing  discharge i n  both pipes. 

Assume n for'CMP = 0.023 ha = 26.40 f t  

n f o r  WSP = 0.012 temp. H20 = 6 0 ' ~  

Hydraulic Grade Line 
f o r  12" W.S.P. 

L, = length of b a r r e l  from i n l e t  t o  mitered jo in t  a t  propped ou t le t ,  f t  

LP = length from mitered jo in t  t o  end of pipe, ft 



Solution 

H = 118.00 - 100.50 = 17.50 ft 

L~ = ,/(60)~ + (14.8)2 = 61.80 ft 

Q = av - (0.785)(9.87) = 7.75 c f s  P - Q = av - (0.785)(16.31) = 12.80 cfs P - 



= 26.40 + 3.00 - 4.08 - 1.00 

= 24.32 ft 

hab > 0.59 okeh 

Inlet 113.87 

I ( 1.00 ( 4.13 1 118.00 ( Head 

Maximum 
W.S. 

118.00 

hab > 0.59 okeh 



Problem No. 2: Find the  discharges and t h e  locat ion of t h e  hydraulic grade 
l i n e s  f o r  corrugated metal pipe and welded s t e e l  pipe i n  t h e  layout indi -  
ca ted  below i f  both pipes a r e  18 i n .  i n  diameter, and f i n d  t h e  minimum - - 
absolute pressure f o r  t h e  resu l t ing  discharges i n  both pipes.  

Assume n f o r  CMP = 0.025 ha = 29.50 f t  

n f o r  WSP = 0.010 temp. H,O = 8 4 ' ~  

L, = length of b a r r e l  from i n l e t  t o  mitered jo in t  a t  propped ou t l e t ,  f t  

L, = length from mitered jo in t  t o  end of pipe, f t  

Solution 

H = 147.5 - 100.75 = 46.75 f t  

43.8 a: = tan-' - - -1 0.2 
125 

t a n  - 
20 

a = tan-' 0.3504 - tan-' 0.01 

= 19.31' - 0.57' = l8.7k0 

C M P  

m ( 0 . 0 2 5 ) ( 1 8 . 7 ~ )  = 0 . ~ 5 6 2  K , = =  
3 3 

WSP 

K , = - - =  m (0.010)(18.74) = 0.0625 
3 3 



CMP - 

Q = avp = (1.77)(15.56) = 27.54 cfs 

1 Miter IO,l?621 0.591 106.41 
3 Uend , 

*lement 

Outlet 
Pipe 

139 98 

Inlet 143.74 

100.75 

Velocity / 1 7 147.50 
-3- 

Loss 
Coeff. 

WSP - 

Head 
LOSS 

lMa,ximum 
W.S. 

v 
P = J812.41 = 28.50 ~ P S  

Q = av, = (1.77)(28.50) = 50.45 cfs 

Cumulative 
Elevation Element Loss Head Cumulative 

Coeff . Loss Elevation 

B 

Outlet 
Pipe 100.75 

147.50 

Bend I Miter 10.06251 0.781 104.25 

Inlet 1.00 12.62 134.88 

Velocity 
Head LOO 12.62 147.50 

Maximum 
W.S. 147.50 

hab > 1.33 okeh hab < 0--impossible, cavitation and 
reduced discharge will occur 



Problem No. 3: For the spillway layout indicated (1) calculate the stage- 
discharge curve, (2) compute and plot the lowest position of the hydraulic 
grade line, (3) compute the minimum absolute pressure in the pipe when it 
first starts to flow full of water and for maximum discharge. Assume the 
atmospheric pressure equal to 29.10 ft of water and a water temperature 
equal to 60'~- 
Max. W. S. Elev. 139.50 

p- - 

Free Outlet 
El. 100.00 

h 
(1) For values of head in the range 0 5 5 S 1.1, the inlet controls the 

discharge. For this condition the discharge is computed from the data given 
in  able No. 1 and ES-108. It is convenient to tabulate the computations as 
indicated below. 

h For values of head in the range > 1.1 to full-pipe flow, the discharge can 
be computed from Eq. 8. 



h From E q .  13 and 8 f i n d  the  value of - a t  which fu l l -p ipe  flow s t a r t s .  Evalu- 
a t e  M f o r  s u b s t i t u t i o n  i n  E q .  13. 

D 

M = 1 + Ke + $L1 + Km + $L2 

L1 = J ( 2 9 . 8 0 ) ~  + (122.25)2 = 125.83 f t  

L~ = 20 f t  ; ICp = 0.00616 (from ES-42) 

-1 29.80 a = t a n  - - -1 0.20 
122.2> 

t a n  - -  
20 

- 13'39' = l3.65O 

'4 Let - - - x, then Eq. 13 becomes 
D 5 / 2  

From ES-108 f o r  - - - 12.07, Q = 188 c f s  
D5/' 

From E q .  8 

Hence t h e  pipe w i l l  s t a r t  t o  flow f u l l  when t h e  discharge i s  188 c f s  and 

1.34 o r  h  = (3) (1.34) = 4.02 f t .  5 = 

Equation 8 expresses a  l i n e a r  r e l a t ionsh ip  between h  and Q .  Hence t h e  
stage-discharge curve i s  a  s t r a i g h t  l i n e  from Q = 39 c f s  t o  Q = 188 c f s .  

Full-pipe flow e x i s t s  f o r  values of Q g r e a t e r  than 188 c f s .  The t o t a l  
head H i s  e f f e c t i v e  i n  producing discharge under pipe-flow condit ions.  



The stage-discharge curve has been plotted on the following graph. 



(2) Since M is greater than 2.7 and since the friction losses decrease 
as the velocity decreases, the lowest position of the hydraulic grade line 
will exist just at the start of full-pipe flow when Q = 188 cfs. 

The following table presents the computations for the hydraulic grade line 
location. 

Computations for Hydraulic Grade Line---Q = 188 cfs 

Element 

Outlet 

=2 

Miter Bend 

1 

Inlet 

Velocity Head 

Water Surface 

- ~p 

Loss 
Coefficient 

Head Loss Cumulative 
Elevation 

v 2 

The local deviation below the hydraulic grade line = 0.7 & = (0.7) (11.02) 

= 7.71 ft . 111.98 - 7.71 = 104.27 = elevation of the pressure gradient at 
the crown.of the inlet. 

(3) When the pipe first starts to flow full (Q = 188 cfs) the minimum 
absolute pressure is found from Eq. 10 as follows: 

The vapor pressure for water at 60'~ equals 0.39 ft. Cavitation will occur 
since the absolute pressure is less than the vapor preskure. 

When the water-surface elevation in the reservoir is 137.50 and Q = 198 cfs, 
the minimum absolute pressure is 

hab = 29.10 + 7.50 - (2.7)(12.28) - 3.00 = 0.44 ft which is also less than 
the vapor pressure, i.e., a situation which cannot exist. 






