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A B S T R A C T

The closedconduit spil lwayis any conduit having a closed cross section through which
water is spilled. The inlet and outlet may be of any type. The barrel may be of any size or
shape and may floweither fullorpartly full.Also,the barrel may be on any slope. This broad
definition includes the smallest culvert as well as the largest morning glory spillway,

The basic theoryof the flowis the same for each of the many forms which the spillway
may take.. .This paper discusses the control of the flow thrgugh closed conduit spitlways by
weirs, the barrel exit, tailwater, pipe, orif ice, and short tube, since each of these controls
may govern, at some time or other, the rate of flow through the spillway. The effect of these
various controls on the performance of the spillway is explained. A means of developing a
composite head-discharge curve is given.Pressures within the closed conduit spil lway must
sometimes be determined, so the methods for this determination are pr'esented. A selected .
bibliography useful to the understanding and for the design of closed conduit spillways con-
cludes this technical paper.

l lr

ABSTRACT 

The closed conduit spill way is any conduit having a closed cross section through which 
water is spilled. The inlet and outlet may be of any type. The barrel may be of any size or 
shape and may flow either full or partly full. Also, the barrel may be on any slope. This broad 
definition includes the smallest culvert as well as the largest morning glory spillway. 

The basic theory of the flow is the same for each of the many forms which the spillway 
may take •. This paper discusses the control of the flow thrQugh closed conduit spillways by 
weirs, the barrel exit, tail water, pipe, orifice, and short tube, since each of these controls 
may govern, at some time or other, the rate of flow through the spillway. The effect of these 
various controls on the performance of the spillway is explained. A means of developing a 
composite head-discharge curve is given. Pressures within the closed conduit spillway must 
sometimes be determined, so the methods for this determination are presented. A selected , 
bibliography useful to the understanding and for the design of closed conduit spillways con­
cludes this technical paper. 
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N O M E N C L A T U R E

A area, in square feet

B length of rectangular drop inlet, in feet

Br effective length of rectangular drop inlet crest, in feet

C diseharge coefficient in Eq. I-1 and I-2, in English units

Co discharge coefficient in Eq. I-?

C" discharge coefficient in Eq. I-8

d" crit ical dePth, in feet

D conduit diameter, in feet

D. drop inlet (riser) diameter, in feet

D"" effective diameter of drop inlet crest, in feet

f DarcY-Weisbach friction factor

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

hf friction head loss, in feet

hr, local pressure deviation from the friction grade line' in feet

no pressure head = P/w, in feet
,

n rO velocity head in conduit = Y 
O'/28, 

in feet

H head on crest, in feet

Ho head on orif ice, in feet a

H head on short tube, in feet
s

Ht total head from water surface to point at which the hydraulic grade line pierces the plane

o f  t he  ou le t  . ; g - rZ *  (  
+ -pO)  cos - l ( s i n  S ) ,  o r t o the ta i lwa te r  su r face ,  i n fee t

Ku entrance loss coefficient

Ko outlet loss coefficient

I length of conduit, in feet

L crest length, in feet

n Manning roughness eoefficient, in (feet)1/6

N number of observations

o subscript ordinarily denoting a reference point but also used in connection with the inlet

orifice and the outlet

p pressure, in pounds per square foot

q discharge per foot of width, in cubic feet per second

a discharge, in cubic feet per second

- r subscript denoting riser or (droP) inlet

R hydraulic radius = area * wetted perimeter, in feet
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NOMENCLATURE 

A area, in square feet 

B length of rectangular drop inlet, in feet 

B' effective length of rectangular drop inlet crest, in feet 

C discharge coefficient in Eq. 1-1 and 1-2, in English units 

Co discharge coefficient in Eq. 1-7 

C
s 

discharge coefficient in Eq. 1-8 

dc critical depth, in feet 

D conduit diameter, in feet 

Dr drop inlet (riser) diameter, in feet 

Drc effective diameter of drop inlet crest, in feet 

f Darcy-Weisbach friction factor 

g acceleration due to gravity, in feet per second per second 

hf friction head loss, in feet 

h local pressure deviation from the friction grade line, in feet n 

hp pressure head = p/w, in feet 

h velocity head in conduit = Vp
2/2g, in feet vp 

H 

Ke 

K 
0 

I. 

L 

n 

N 

head on crest, in feet 

head on orifice, in feet 

head on short tube, in feet 

total head from water surface to point at which the hydraulic grade line pierces the plane 

of the outlet = H + Z + ( } - (:3D) cos -l(sin S), or to the tail water surface, in feet 

entrance loss coefficient 

outlet loss coefficient 

length of conduit, in feet 

crest length, in feet 

Manning roughness coeffiCient, in (feet)1 / 6 

number of observations 

o subscript ordinarily denoting a reference point but also used in connection with the inlet 
orifice and the outlet 

p pressure, in pounds per square foot 

q discharge per foot of width, in cubic feet per second 

Q discharge, in cubic feet per second 

r subscript denoting riser or (drop) inlet 

R hydraulic radius = area + wetted perimeter, in feet 

vi 
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S conduit slope (sine)

Sl . slope of dam face (cotangent: one vertical on St horizontal)

t thickness of anti-vortex wall, in feet

V velocity at any point, in feet per second

V^ velocity in conduit, in feet per second
v

w unit weight of water . 62,4 pounds per cubic foot

W width of rectangular drop inlet, in feet

Wr effective width of rectangular drop inlet crest, in feet

z elevation, in feet

Z difference inelevationbetween inlet erest or conduit invert at inl.et and centerline of out-
let, in feet

Zt height of drop inlet, crest to invert of conduit at entrance, in feet

B ratio of the distance above the invert at which the projected hydraulic grade line pierces
the plane of the conduit exit to the conduit diameter

vii

S conduit slope (sine) 

S' slope of dam face (cotangent: one vertical on S' horizontal) 

t thickness of anti-vortex wall, in feet 

V velocity at any pOint, in feet per second 

v p velocity in conduit, in feet per second 

w unit weight of water = 62.4 pounds per cubic foot 

W width of rectangular drop inlet, in feet 

W' effective width of rectangular drop inlet crest, in feet 

z elevation, in feet 

Z difference in elevation between inlet crest or conduit invert at inlet and centerline of out­
let, in feet 

Zl height of drop inlet, crest to invert of conduit at entrance, in feet 

~ ratio of the distance above the invert at which the projected hydrauliC grade line pierces 
the plane of the conduit exit to the conduit diameter 
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HYDRAULICS OF CLOSED CONDUIT SPILLWAYS

Part I

Theory and Its Application*

INTRODUCTION

_ The theory of the hydraul ics of closed conduit spi l lways and a method of applying the
theory  a represented  in th is  paper .  A l though methods for thedes ignof  thec losed condu i tsp i t t -
way are explained, this paper is not complete byitself  since the required quanti tat ive values
of the constants are not given. This outl ine of the theory is intended to be Part I  of a series.
Subsequent parts wil l  present information on the hydrauti .c characterist ics for the various
forms which the spi l lway may take. In addit ion, loss coeff icients and pressure coeff icients
wil l  be given for the use of the designer.

Closed conduit spi l lway is a general term that covers many specif ic types of spi l . Iways.
In the Soil  Conservation Service i t  is known as a "drop inlet culvert. t t  t tdrop inlet spi l lwav
wi th  p i ,pe  condu i t  (p ipe  drop  in le t  sp i l lway) , t t t t t r i ck le  tube, t t  t tp ipe  ou t le t , t t t t tube  ou t le t , t t  t t t i l ;

outlet," etc. The ordinary highway culvert is a closed conduit spi l tway. In large sizes the
c losed condu i t  sp i l lway  is  known as  a t tmorn ing  g lo ry , r t  t tbe l l  mouth , t t  I ' ve r t i ca l  sha f t , t te tc . ,
spl. I lway. The closed conduit spi l lway assumes the characterist ics of a siphon spi l lway when
the spi l lway operates with pressures that are less than atmospheric. As used here, a closed
conduit spi l lway is taken to mean a pipe or box culvert including the entrance and outlet.  The
barrel may be on either a f lat or a steep slope. The inlet and outlet may be of any type. The
outlet may be submerged or may discharge freely into the atmosphere. The conduit may be
designed to f low either part ly ful l  or fult .

The analysis described here is the product of an investigation conducted by the staff of '
the  So i l  and Water  Conserva t ion  Research  D iv is ionof the  Agr icu l tu raLResearchServ ice ,  U.S.
D-epartment of Agriculture, located at the St. Anthony Fal ls Hydraul ic Laboratory, University
of Mi.nnesota, Minneapolis. There the Agricultural Research Service, the MinnesotaAgricul-
tural Experiment Stat ion, and the St. Ani.hony Fal ls Hydraul ic Laboratory cooperate in the
solut ion of problems concerning conservation hydraul ics. This studywasoriginal ly made un-
der the immediate direct ion of Lewis A. Jones, Chief, Divisionof Drainage and Watbr Control,
Soi l  Conservation Service Research, U. S. Department of Agriculture. Mr. Jones has now re-
t ired. The study is continuing under the direct ion of Austin W.Zingg, Cfi ief,  WatershedTech-
nology Research Branch, and Dr. C. H. Wadleigh, Director, Soi l  and Water Conservation
Research Division, Agricultural Research Service. Thanks are due Robert V. Keppelfor cr i-
t ical ly revi.ewing this paper.

CAPACITY OF THE SPILLWAY

A number of dif ferent equations are used to compute the f low through closed corlduit
spi l lways. That partof the spi. l lway control l i .ng the head-discharge relat ionshi.p may be aweir
at- the conduit entrance, an ori f ice at the conduit or the barrel entrance, a section of the con-
duit acting as a short tube, or the conduit flowing as a full pipe. These flow conditions are
sketched in Fig. I-  1. I t  may be necessary to use four types of equati .ons to determine the capa-
cityof some formsof closed conduit spi l lways,but ordinari ly the weir and pipe equations wil l
suff ice. No attempt wil l  be made here to explain whieh equations to use for any part icular
spi l lway design. This wil l  be left  for the papers describing the performance of each form
which the spi l lway takes. Here the various equations that may apply wil l  be described and
their use wil l  be outl ined.

Weir Flow

The f irst f low that passes through the spi l lway wil l  be control led by a weir at the en-
t rance,  as  inF ig . I -1a .  For thewei r  to  exerc ise  the  cont ro l  over  the  head-d ischarge re la t ion-
ship, the f low depth must be greater than the cri t ical depth upstream of the weir and must
deqpea.se through.lhe cri t ical depthinthe vicinityof the weir.  Thiswil l  betaken as a definit ion
of "weir 

controf . t t

*Agr icu l tura l  Research Serv ice Report  No.  41-505-48.

HYDRAULICS OF CLOSED CONDUIT SPILLWAYS 

Part I 

Theory and Its Application* 

INTRODUCTION 

The theory of the hydraulics of closed conduit spillways and a method of applying the 
theory are presented in this paper. Although methods for the design of the closed conduit spill­
way are explained, this paper is not complete by itself since the required quantitative values 
of the constants are not given. This outline of the theory is intended to be Part I of a series. 
Subsequent parts will present information on the hydraulic characteristics for the various 
forms which the spillway may take. In addition, loss coefficients and pressure coefficients 
will be given for the use of the designer. 

Closed conduit spillway is a general term tha t covers many specific types of spillways. 
In the Soil Conservation Service it is known as a "drop inlet culvert," "drop inlet spillway 
with pi~e conduit (pipe drop inlet spillway)," "trickle tube," "pipe outlet," "tube outlet," "tile 
outlet,' etc. The ordinary highway culvert is a closed conduit spillwai,' In large sizes the 
closed conduit spillway is known as a "morning glory," "bell mouth," 'vertical shaft," etc., 
spillway. The closed conduit spillway assumes the characteristics of a siphon spillway when 
the spillway operates with pressures that are less than atmospheric. As used here, a closed 
conduit spillway is taken to mean a pipe or box culvert including the entrance and outlet. The 
barrel may be on either a flat or a steep slope . The inlet and outlet may be of any type. The 
outlet may be submerged or may disc harge freely into the atmosphere. The conduit may be 
designed to flow either partly full or full. 

The analysis described here is the product of an investigation conducted by the staff of ' 
the Soil and Water Conservation Research Division of the Agricultural Research Service, U.S. 
Department of Agriculture, located at the St. Anthony Falls Hydraulic Laboratory, University 
of Minnesota, Minneapolis. There the Agricultural Research Service, the Minnesota Agricul­
tural Experiment Station, and the St. AnLhony Falls Hydraulic Laboratory cooperate in the 
solution of problems concerning conservation hydraulics. This study was originally made un­
der the immediate direction of Lewis A. Jones, Chief, Division of Drainage and Water Control, 
Soil Conservation Service Research, U.S.Department of Agriculture. Mr. Jones has now re­
tired. The study is continuing under the direction of Austin W. Zingg, C~ief, Watershed Tech­
nology Research Branch, and Dr. C. H. Wadleigh, Director, Soil and Water Conservation 
Research Division, Agricultural Research Service. Thanks are due Robert V. Keppel for cri­
tically reviewing this pa per. 

CAPACITY OF THE SPILLWAY 

A number of different equations are used to compute the flow through closed conduit 
spillways. That part of the spillway controlling the head-discharge relationship may be a weir 
a t the conduit entrance, an orifice at the conduit or the barrel entrance, a section of the con­
duit acting as a short tube, or the conduit flowing as a full pipe. These flow conditions are 
sketched in Fig. 1-1. It may be necessary to use four types of equations to determine the capa­
cityof some forms of closed conduit spillways, but ordinarily the weir and pipe equations will 
suffice. No attempt will be made here to explain which equations to use for any particular 
spillway design. This will be left for the papers describing the performance of each form 
which the spillway takes. Here the various equations that may apply will be described and 
their use will be outlined. 

Weir Flow 

The first flow that passes through the spillway will be controlled by a weir at the en­
trance, as in Fig. I-la. For the weir to exercise the control over the head-discharge relation­
ship, the flow depth must be greater than the critical depth upstream of the weir and must 
de<;rease through the critical depth in the vicinity of the weir. This will be taken as a definition 
of weir contro1." 

*Agricultural Research Service Report No. 41-505-48 . 
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O r i f  i ce  Con l ro l Ent ronce

S h o r t  T u b e  C o n t r o l ( d  )  P i p e  F l o w

Fig. l- l - TyP"t of Flow Control

The weir at the entrance to the spillway may take any one of a number of forms . The

entrance to a box culvert may form a iectangular weir. The entrance to a pipe may form a

circular weir. A drop inlet c-rest may be horizontal and form a weir, either rectangular or

circular in plan. Althbugh the weir miy take other forms, the discussion here wil l be l imi.ted

to the three t;pes mentiined, these being the tlpes that are most commonly used'

Rectangular Weir

The general equation for flow over a rectangular weir is

Q - C t - t f / z ( r -  1 )

where e is the discharge in cubie feet per second, C is the coefficient of discharge, L i9

the lengti of the crest in"feet, and H is the head on the crest in feet. The symbols H and L

are also defined in Figs. I-la and I-2. In Fig. I-2 crit ical depth must occur near the culvert

entrance if Eq. I-1 is used to determine the discharge.

It may be more convenient in analyzing the-data and easier to apply the results in cer-

tain instancLs if Eq. I-1 is presented in-a semi-dimensionless form; the equati-on is written

Q
- =

D \ l 2

L  / H \ 3 / 2";H/ $-2)

where D is the conduit diameter. To convert to the form of Eq. I-I, i t is necessary only, for
any given conduit size, to substitute a numerical value for D in Eq. I-2.

2 

(0) Weir Control at Entrance (b ) 0 rif ic e Contro l ~ t Entrance 

H 

(c) Short Tube Control (d) Pipe Flow 

Fig. 1-1 - Types of Flow Control 

The weir a t the entrance to t he spillway may take anyone of a number of forms. The 
entrance to a box culvert may form a rectangular weir. The entrance to a pipe may form a 
circular weir. A drop inlet c rest may be horizontal and form a weir, either rectangular or 
circular in pla n. Although the we i r may take other forms, the discussion here will be limited 
to the three types mentioned, these being the types that are most commonly used. 

Rectangular Weir 

The general equation for flow over a rectangular weir is 

Q = C LH3/ 2 (1-1) 

where Q is the discharge in cubic feet per second, C is the coefficient of discharge, L is 
the length of the crest in feet, and H is the head on the crest in feet. The symbols Hand L 
are also defined in Figs. I-la and 1-2. In Fig. 1-2 critical depth must occur near the culvert 
entrance if Eq. 1-1 is used to determine the discharge. 

It may be more convenient in analyzing the data and easier to apply the results in cer­
tain instances i f Eq. 1-1 is presented in a semi-dimensionless fo·rm; the equation is written 

= c ~ (:t (1-2) 

where D is the conduit diameter. To convert to the form of Eq. 1-1, it is necessary only, for 
any given conduit size, to substitute a numerical value for D in Eq. 1-2. 
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Eq.  I -2  i s  va l id  fo r  any  sp i l lway  wh ich  is  geomet r ica l l ys imi la r to the  sp i l lway forwh ich
C is evaluated, no matter what the size of the spi l lway may be. The use of D restr icts Eq.
I- l  to geometrical ly similar circular conduit (pipe) spi l lways. However, Eq. I-2 can be used
for other conduit shapes i f  D is replaced by some dimension which characterizes the pro-
port ions of the spi l lway. The advantage of Eq. I-2 is that because i t  acts Like a dimensionless
expression, one determination of C permits the computation of the discharge for anynumber
of spi l lways that are geornetr ical ly similar in form.

The discharge coeff icient C varies from about 2,5 to 5.7. Things which affect C are
the velocity of approach, the elevation of the weir crest above the approach channel, the width
o f  the  we i r  c res t ,  e tc . I t  i s  there fore  impera t ive  tha t  the  va lue  o f  C used in  Eq.  I -1  be  care-
ful ly selected and that the selection be based on tests made as closely similar as possi.ble
to those which exist at the weir under consideration. Reference can be made to a number of
standard texts to determine C. A few of these
texts are l isted in the Bibl iography.

Circular  Weir

The c i rcu la r  we i r  i s  ment ioned here ,
no t  because the  we i r  i . t se l f  i s  used as  the  en-
trance to a closed conduit spi l lway, but be;
cause the entrance to a pipe is ci.rcular. ,1,i i*j i i t i i ih

: ;1I  l r l l ; i ; l l l i : i i . l

The theoretical equation for tfre dis;rj i$li lr l i i l i i i ;" i
charge of a cj.rcular weir is quite complicat
ed and no attempt wil l  be made to presenr rt
here .  I f  i " t  were  presented ,  i t  wou ld  be  nec-
essary to varythe discharge coeff icient with
the approach and exit  condit ions and with the
form of the weir l ip i tself .  From a practical
standpoint, then, i t  is preferable to present
rat i .ng curves for the dif ferent condit ions
whj.ch i t  is anticipated wil l  ar ise.These curves
can be  presented- -as  Mav is  [ I -37 ] , *  114at r -
ohar [ I-36], Straub, Anderson, and Bowers
[I-50J, and the author in Part X have done--
in units which are independent of the pipe

size; the coordinates H/D and q/o5/2 wttt
permit the determination of the head-dis-
charge curve for similar condit ions no mat-
ter what the actual size of the pipe may be.
Here H is the head on the pipe invert in feet
and D is the pipe diameter i .n feet. Curves

ot H/9 versus q/D5/2 wil l be included in
the papers descr ib ing the resul ts  of  tests on
various types of inlet structures.

Elevotion

Fig. l-2 - Rectongulor Weir ot o Bo< Culvert Entronce

-f-
L

I

Drop Inlet Weir

- A drop inlet is used as the entrance to many closed conduit spil lways. For this reason
a discussion of weir f low over the drop inlet cresi is pertinent.

The drop i.nlet may be either rectangular or circular in cross section. In addition aheadwall !n1y ol may not be used, depending- possi.bly on the hydraulic O""ig" ;r on the wil l-itglg"i of the designer to take a chance thalt vortices wil l noi form or thit those vortices
which do form will not reduce the anticipated capacity of the structure.

The head-dischargerelat ionship for  weir  f low isg ivenby Eq.  I - l . I f  a  headwal . l is  used,the crest le-ngth is reduced by the length occupied by !"he rreiOwau. If the cresl i;-; i l ;;;edged its effective length is measured-on the lnside- of the arop irl iel-"s i lFi;. I-Ba. If thecrest is rounded--a better practice--the crest length may be measured, for all p'ractical pur-poses, at the point of tangency with the horizontal, as in i ' ig. I-3b. If the upstrelm corners of

E Sectionol Plon

*Numbers in brackets refer to Bibti.ography l isted on p. 1?.
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Eq. 1-2 is valid for any spillway which is geometrically similar to the spillwa y fo r which 
C is evaluated, no matter what the size of the spillway m ay be. The use of D r e stricts Eq. 
1-1 to geometrically similar ci:rcular conduit (pipe) spillways. However, Eq. 1-2 can be used 
for other conduit shapes if D is r eplaced by some dimension which characterizes the pro­
portions of the spillway. The advantage of Eq. 1-2 is that b e cause it acts like a dimensionless 
expression, one determination of C permits the computa tion of the discharge for any number 
of spillways that are geometrica lly similar in form. 

The discharge coefficient C varies from about 2.5 to 5.7. Things which affect Care 
the velocity of approach, the elevation of the weir crest above the approach channel, the width 
of the weir crest, etc. It is there fore imperative that the va lue of C used in Eq. 1-1 be care­
fully selected and that the selection be base d on tests made as closely similar a s possible 
to those which exist at the weir under consideration. R e fer e nc e can be m a de to a number of 
standard texts to determine C. A fe w of these 
texts are listed in the Bibliography. 

Circular Weir 

The circular weir is mentioned here, 
not because the weir itself is used as the en­
tra nce to d closed conduit spillway, but be­
cause the entrance to a pipe is circular. 

The theoretical equation fo r the dis 
charge of a circular weir is quite complicat 
ed a nd no attempt will be made to p r e s ent it 
here. If it were presented, it would be nec­
essa ry to vary the discharge coeffic ient with 
the approach and exit conditions and with the 
form of the weir lip itself. From a practical 
standpoint, then, it is preferable to present 
rating curves for the different c onditions 
which it is anticipated will a rise .The se curves 
can be presented--as Mavis [1-37],* Man­
ohar [1-36], Straub, Anderson, and Bowers 
[I-50], and the author in Part X have done-­
in units which are independent of the pipe 

size; the coordinates H/D and Q/ D5/ 2 will 
permit the determination of the head-dis­
charge curve for similar conditions no mat­
ter what the actual size of the pipe may be. 
Here H is the head on the fJipe invert in feet 
and D is the pipe diameter in feet. Curves 

of H/ D versus Q/D5/ 2 will be included in 
the papers describing the results of tests on 
various types of inlet structures. 

Drop Inlet Weir 

Sectional Elevation 

T 
L 

1m Sectional Pion 

Fig. 1-2 - Rectangular Weir at a Box Culvert Entrance 

A drop inlet is used as the ent rance to many closed conduit spillways. For this reason 
a discussion of weir flow over the drop inlet crest is pertinent. 

The drop inlet may be either rectangular or circular in cross section. In addition a 
headwall mayor may not be used, depending possibly on the hydraulic design or on the will­
ingness of the designer to take a chance that vortices will not form or that those vortices 
which do form will not reduce the anticipated capacity of the structure. 

The head-discharge relationship for weir flow is given by Eq. I-i. If a headwall is used, 
the crest length is reduced by the length occupied by the headwall. If the crest is square­
edged its effective length is measured on the inside of the drop inlet as in Fig. 1-3a. If the 
crest is rounded--a better practice--the crest length may be measured, for all practical pur­
poses, at the point of tangency with the horizontal, as in Fig. I-3b. If the upstream corners of 

*Numbers in brackets refer to Bibliography listed on p. 17. 
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the diametrical headwall  are square-edged, theycan cause contractions that reduce the effec-
t ive length of the crest. However, the relat ively thin wall  is j .nsuff icient to secure ful l  con-
tract ion and the effectof what contraction exists wil l  be taken into aecountindetermining the
discharge coeff icients of those crests reported in subsequent parts of this report series. I f
other sources are ut iU.zed to determine C in Eq. I-1 and ful l  contraction exists, Francis*
suggests that the crest length be reduced by 0.1H for each contraction or, for the two con-
traEions here, by 0.2H. I f  a tangent wall  is used wj.th a circular drop inlet,  radial access of

the f low to the drop inlet is part ly cut off .  For this condit ion, shown in Fig. I-3d, the effect ive
crest length is taken as D, + TtDr/z. Thereasoningis apparent from the streamlines sketch-

ed in Fig. I-3d, which shows that the f low is radial for about one-half the circumference and
paral lel to the headwall  for the other half .
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Fig. l-3 - Crcsts of Drop Inlets

When the conduit is f lowing ful l  of a mixture of water and air,  there is a suction crea-

ted in the drop inlet whieh serves to increase the effect ive head on the weir.  This increase

ineffect ive head is usually small  and ordinari lymay be neglected and considered asan addi-

t ional safety factor. I t  wi l l  be discussed in subsequent researchreports for thosedrop inlets

where i t  can be detected.

Barrel Exit Control

The exit of the barrel may exercise primary control over the head-discharge relation-
ship. Three criteria are important in this connection: (1) The barrel slope must be less than
the friction slope; (2) the flow along the entire length of the barrel is at a velocity less than
the crit ical velocity; and (3) crit ical depth must occur at the barrel exit. The inlet does not
control the head-discharge relationship, although the entrance loss wil l influence this rela-
tionship. The friction slope is h"/!.--t lne friction head loss per foot of conduit.

*Reference I I -31] ,  p .  82.
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the diametrical headwall are square-edged, they can cause contractions that reduce the effec­
tive length of the crest. However, the relatively thin wall is insufficient to secure full con­
traction and the effect of what contraction exists will be taken into account in determining the 
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When the conduit is flowing full of a mixture of water and air, there is a suction crea­
ted in the drop inlet which serves to increase the effective head on the weir. This increase 
in effective head is usually small and ordinarily may be neglected and considered as an addi­
tional safety factor. It will be discussed in subsequent research reports for those drop inlets 
where it can be detected. 

Barrel Exit Control 

The exit of the barrel may exercise primary control over the head-discharge relation­
ship. Three criteria are important in this connection: (1) The barrel slope must be less than 
the friction slope; (2) the flow along the entire length of the barrel is at a velocity less than 
the critical velocity; and (3) critical depth must occur at the barrel exit. The inlet does not 
control the head-discharge relationship, although the entrance loss will influence this rela­
tionship. The friction slope is h/l--the friction head loss per foot of conduit. 

*Reference [1-311, p. 82. 



The head at the barrel inlet when the control is at
i .ng the fr ict ion loss inthe barrel,  the entrance loss, and
at the barrel exit .

* K ^ *  + f -" D

and the discharge is given by the equation

c

barrel exit is determined by add-
velocity head to the crit i.cal depth

( r -4)

the
the

The cri t ical depth in a rectangular section is given by the equation

(r-s)

Where d" is the cri t ical depth in feet and q is the discharge per foot of width in cubic feet

per second.The cri t icaldepth depends on the water surface width.Because the surface width
varies wi.th the depth of f low for circular barrels, the determination of the cri t ical depth in a
circular section is not as easy as for a rectangular section. Woodward and Posey [I-54] give
a table that faci l i tates the determination of the cri t ical depth in circular sections. Crit ical
depths i .n trapezoidal sections are given in Reference [I-49]. Crit ical depths in other cross-
sections less commonly used may be found using the cri terion that the velocity head is equal
to half  the average depthof f1ow, the average depthof f low in this case being the area of f low
divided by the surface width.

Tai lwater Control

The tai lwater level wi l l  affect the head-discharge relat ionship i f  the barrel is only part-
ly ful l  and the depth of f low is greater than the cri t ical at every point within the spi l lway.
Such condit ions may be found frequently for highway cuLverts in regions having f lat ground
slopes. I f  the tai lwater level affects the head-discharge relat ionship i t  wi l l  be necessary to
compute a backwater curve to determine the headwater elevation. The rateof f lowthroughthe
conduit is determined using open channel f low procedures. Methods for the computation of
water surface profi les and rates of f low may be found in References U-44) and [I-49].

Pipe FIow

Thehead-discharge relat i .onship i .s governed by pipe f low equati .onswhenthe conduit is
completely ful l  as in Fig. I-1d. For this condit ion the head H, causing f low is the dif ference

in  e leva t ion  be tween the  headwater  sur faceandthepo in twhere  the  hydrau l i cgrade l ine  p ie rc -
es the plane of the conduit exit ,  which is usuallv assumed as the center of the conduit at the
plane of i ts exit .  I f  the outlet is submerged, Hf rs measured from the headwater surface to

the tai lwater surface. This head is entirely consumed in causing water to f low through the
spi l lway, The head consumed is given by the equation

H t = f"" + r 
!, 

/t \'lg-'n* .  
\ " , /  j  zg

,D2
Q = A V p = T

29 Ht
( r -5)

T,
K " * K o +  . + f - + f r

where D is the pipe diameter for circular pipe, K" is the loss coefficient for the drop

inlet and,/or the entranceto thebarrel, Ko isthe exit loss coefficient, f i .s the Darcy-Weis-

bach friction coefficient for the barrel, I is the Iength of the barrel, R is the hydraulic
radius of the drop inlet, A is the area of the conduit, and VO is the velocity in the conduit.
The subscript r refers to the drop inlet or riser.

A few of the terms used in Eqs. I-4 and I-5 require elaboration. Strictly, H, is meas-

ured to the point at which the hydraulic grade line pierces the plane of the pipe outLet when
theoutlet is not submerged. See Fig. I-1d. Sj,ncethe exact locationof this point is sti l lan open
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The head at the barrel inlet when the control is at the barrel exit is determined by add­
ing the friction loss in the barrel, the entrance loss, and the velocity head to the critical depth 
at the barrel exit. 

The critical depth in a rectangular section is given by the equation 

(I-3) 

Where dc is the critical depth in feet and q is the discharge per foot of width in cubic feet 

per second. The critical depth depends on the water surface width. Because the surface width 
varies with the depth of flow for circular barrels, the determination of the critical depth in a 
circular section is not as easy as for a rectangular section. Woodward and Posey [I-54] give 
a table that facilitates the determination of the critical depth in circular sections. Critical 
depths in trapezoidal sections are given in Reference [1-49]. Critical depths in other cross­
sections less commonly used may be found using the criterion that the velocity head is equal 
to half the average depth of flow, the average depth of flow in this case being the area of flow 
divided by the surface width. 

Tailwater Control 

The tailwater level will affect the head-discharge relationship if the barrel is only part­
ly full and the depth of flow is greater than the critical at every point within the spillway. 
Such conditions may be found frequently for highway culverts in regions having flat ground 
slopes. If the tailwater level affects the head-discharge relationship it will be necessary to 
compute a backwater curve to determine the headwater elevation. The rate of flow through the 
conduit is determined using open channel flow procedures. Methods for the computation of 
water surface profiles and rates of flow may be found in References [1-44] and [1-49]. 

Pipe Flow 

The head-discharge relationship is governed by pipe flow equations when the conduit is 
completely full as in Fig. I-ld. For this condition the head Ht causing f~ow is the difference 

in elevation between the headwater surface and the point where the hydraulic grade line pierc­
es the plane of the conduit exit, which is usually assumed as the center of the conduit at the 
plane of its exit. If the outlet is submerged, H t is measured from the headwater surface to 

the tailwater surface. This head is entirely consumed in causing water to flow through the 
spillway. The head consumed is given by the equation 

[ 
£. £. (A )2] V 2 H

t 
= K + K + . . . + f _ + f __ r_ __ _P_ 

e 0 D r 4R A 2 
r r g 

and the discharge is given by the equation 

Q = AV = p 4 
K + K + e 0 

£. 
. + f- + 

D 

0-4) 

(1-5) 

where D is the pipe diameter for circular pipe, Ke is the loss coefficient for the drop 

inlet and/ or the entrance to the barrel, K is the exit loss coefficient, f is the Darcy-Weis-o 
bach friction coefficient for the barrel, £. is the length of the barrel, R is the hydraulic 
radius of the drop inlet, A is the area of the conduit, and V is the velocity in the conduit. 
The subscript r refers to the drop inlet or riser. p 

A few of the terms used in Eqs. 1-4 and 1-5 require elaboration. Strictly, H
t 

is meas­

ured to the point at which the hydraulic grade line pierces the plane of the pipe outlet when 
the outlet is not submerged. See Fig. 1-1d. Since the exact location of this point is still an open 
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question (see Part X and References [I-19], [I-45] and [I-33]), it has been assumed to be at
the center of the pipe in Parts II to IX inclusive, except for the work of Ree [I-42] reported
in Part IX. In Part X the hydraulic grade lines used in the computation Ku did not neceasar-

i ly pass through the center of the conduit exit but were in their correct Positions. AIso, K"

is the loss in the entrance in excess of any friction loss, the last term in the brackets of Eq.
I-4 being the inlet friction loss; K" includes the losses at the inlet which are not susceptible

of determination otherwise. K" wil l be evaluated for each entrance on which tests are made

and wil l be given in subsequent reports. The hydraulic radius of the drop inlet R" is used in

place of the diameter to take care of drop inlets that do not have a circular cross-B€ction. It
should be substituted also for the conduit diameter D if i ts cross section is not circular.
The term 4R is equivalent to D, as can be seen from the following derivation of the hy-
draulic radius for a circular pipe.

a rea  on2 lq  D
f t = - = - = -

perimeter rD 4

or

D = 4 R

Therefore, the term 4R. is the equivalent diameter of the drop inlet. If the area of the drop

inlet is different from that of the barrel, the average velocity in the drop inlet wiLl also be
different. Since the barrel velocity is used in the subsequent computations, acorrection must

be applied. This correction is l*/n-12.

Thefrictioncoefficient t is the Darcy-Weisbach valueand not themorefamiliar Mann-
ing n. It is suggested that f for smooth concrete pipe and plain corrugated metal pipe be
takenfrom the paperreporting testsconducted at the St. Anthony Falls Hydraulic Laboratory
t I-5 1 l. Ree [I-42] gives values of the friction coefficient for rougher concrete pipe and for paved
invert corrugated metal pipe. The friction coefficient for large, corrugated metal pipe was
determined at the Bonneville Hydraulic Laboratory of the Corps of Engineers [I-14]. Rouse
[I-43, I-44f also presents curves that may be used to determine f for a number of different
pipe materials. For those who are more familiar with the Manning coefficient and prefer to
use it, the equation for converting from the Manning n to f is

185  n2
f = -

Dr /3

The conversion from n to f is given in Table.I-1 for a numberof pipe diameters and values
of n- Also, values of KO = f/D and Kc = fr/4R" computed for various conduit sizes and

Manningts n values may be found in Reference [I-49], section 5.5.1, drawing ES-42 for those
who are more familiar with these coefficients.

It should be especially noted that the Manning n and the Kutter n are different and are
not interchangeable. For smooth surfaces the values are almost identical,but forcorrugated
metal surfaces the Manning n is larger. According to Straub and Morris [I-51], the Manning
n recommended ln some handbooks is too low, the indication being that the lower Kutter n
has beensubstituted for the higher Manning n assuming that, as Manningoriginallyintended,
the two n values are interchangeable.

If there are bends, changes in pipe size, two or more kinds ofpipe, etc. used in the con-
duit, it wil l be necessaryto add terms to thebracketsof Eq.I-4 and to the denominator under
the radical of Eq. I-5 to take these additional sources of loss into consideration.

Orifice at Entrance

The head-discharge relationship sometimes may be controlled by the entrance acting
as an orifice. For some forms of the inlet this is not a desirable condition. It is especially
undesirable when the orifice control extends over a considerable range in head where orifice

( r -6)
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TABLE I-1

CONVERSION OF MANNINGTS n TO DARCY-WEISBACH FRICTION FACTOR f
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control alternates with ful l  conduit f low. When the control can alternate between the ori f ice
and the  fu l l condu i t ,  i t i s  poss ib le  to  have twod ischargesat  an ident ica l  head and i t  i sno t  pos-
s ib le  to  p red ic twh ich  sec t ion  exer ts  thecont ro l  a t  any  one t ime.  However ,  s ince  or i f i ce  con-
trol may exist for some forrns of closed conduit spi l lways, their hydraul ic characterist ics
wil l  be outl ined.

The ori f ice may be horizontal,  as at
the crest of a drop inlet (Fig. I-  1b); or i t  may
be nearly vert ical,  as at the entrance of a
barrel having a simple inlet or no inlet at al l
(Fig. I-a) or a drop iniet suff iciently large so
that the control l ing ori f ice is at the barrel
entrance rather than at the drop inlet crest.
For  the  fo rmer  case the  head Ho is  meas,

ured from the crest and for the latter case i t
is measured from the center of the entrance.
The discharge equation in either case is

Q = Co enoL/2

where Co is a discharge eoeff icient that wi l l
Fig. l-4 - Orif ice Control oi Condult Entrqnce

varywith the inlet condit ions. I t ,  l ike the weir
coeff icient, should be selected careful ly since i t  can vary between rather wide l imits.

I t  should be recognized that i t  is possible to have ori f ice control at the inlet of the bar-
rel even though the barrel is on a slope less than the fr ict ion slope for uniform f low. Another
ryay of saying thesame thing is; The barrel may f lowpart ly ful l  with theinletsubmerged even
though the barrel slope is such that normalty the barrel would be expected to f low fu[.  The
form of the inlet is important in this connection. I f  the inlet form is such that the stream con-
tracts suff iciently so the velocity in the contracted section is greater than both the normal
velocity and the cri t ical velocity in the barrel,  then the excess velocity head energy ;nust be
expended by friction and/or turbulence, and/or converted to depth energy. It usriiliy takes
some distance to accomplish this. The distance required to insure a depth of f low equat to
the barrel height can be determined by computing the water surface profi le. The velocity in
the contracted section can be used as a start ing po!.nt for these water surface computations
if  the ori f ice contractioncoeff icient is knownor can be estimated. Methods givenin References
lI-441 and II-49]may be used to determine the water surface profi le. I f  the barrel is so short
that the depth in the barrel never equals the barrel height, then the barrel wi l l  not f low ful l
and the entrance acting as an ori . f ice controls the head-discharge relat ionship. Straub, Ander-

( I -7)
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TABL E I-I 

CONVERSION OF MANNING' S n TO DARCY- WEISBACH FRICTION FACTOR f 

D II 

in. 0.010 0.011 0.012 0.013 0.014 0.012 0.016 0.017 0.018 0.012 0.020 0 .021 0.022 0.023 0.024 0.02~ 

6 0. 0233 0.02132 0. 0336 0. 0394 0. 0451 0.0524 0.0596 0.0673 0. 0755 0. 0841 0.0932 0. 1028 0.1128 0.1233 0.1;42 0.1456 
8 . 0212 . 0256 . 0305 . 0358 . 0415 . 0476 .0542 .0612 . 0686 .0764 . 0847 . 0933 . 1024 . ll20 .1219 .1 323 

10 . 0197 . 0238 . 0283 . 0332 .0385 .0442 . 0503 .0568 . 0637 . 0710 . 0786 .0867 . 0952 .1040 . 1132 .1229 
12 . 0185 . 0224 . 0266 . 0313 .0563 .0416 . 0474 . 0535 .0599 . 0668 . 0740 .0816 .0895 . 0979 . 1066 . u 56 
15 . 0172 . 0208 . 0247 .0290 .0337 . 0386 .0440 . 0496 .0557 . 0620 .0687 .07'J3 .0831 ·0909 . 0989 .1074 

18 .0162 . 0196 . 0233 . 0273 . 0317 .0364 . 0414 . 0467 . 0523 .0583 .0646 .0713 . 0782 . 0855 . 0931 . 1010 
21 . 0154 .0186 .0221 . 0259 .0501 . 0345 .0393 . 01;44 . 0497 .0554 .0614 . 0677 .0743 . 0812 . 0884 . 0960 
24 .0147 .0178 .0211 . 0248 . 0288 . 0330 .0376 . 0424 . 0476 . 0530 .0587 - .061.,8 . 0711 .0777 . 08h6 . 0918 
30 . 0136 .0165 . 0196 .0230 .0267 .0307 . 031.,9 .0391., . 0442 . 01.,92 .osh5 . 0601 .0660 .0721 .0785 . 0852 . 
36 .0],28 . 01 55 . 0135 . 0217 .0251 .0289 . 0328 . 0371 .0416 . 0463 .0513 . 0566 .0621 . 0679 . 0739 .0802 
42 .0122 . 0i.47 . 0175. .0206 .0239 . 0274 .0312 . 0352 . 0395 . 0440 .0487 .0537 .0590 . 0645 .0702 .0762 
48 . 0117 . 0141 .0168 .0197 . 0228 . 0262 .0298 .0337 .0378 . 0421 .0466 . 0514 .0564 . 0617 .0671 . 0729 
54 . 0112 . 0136 .0161 . 0189 . 0220 .0252 . 0287 .0324 . 0363 .0405 . 0448 .0494 . 0542 .0593 . 0645 . 0700 

60 .0108 . 0131 .0156 . 0183 .0212 .0243 . 0277 .0313 .0351 ·.0391 . 0433 .0477 . 0524 . 0572 . 0623 .0676 
66 .0105 . 0127 . 01 51 . 0177 . 0205 . 0236 . 0268 . 0303 .0340 .0378 .0419 .01.,62 . 0507 .0554 . 0604 .0655 
72 . 0102 . 0123 . 0147 . 0172 . 0200 . 0229 . 0261 . 0294 . 0330 .0368 . 0407 . 0449 .0493 . 0539 .0586 .0636 
78 .0099 . 0120 . 0143 . 0168 .01'jh .0223 . 0254 .0287 . 0321 . 0358 .0397 . 0437 .0480 .0524 . 0511 . 0620 

84 . 0097 . 0117 .0139 . 0163 .0190 . 0213 .0248 . 0279 .0313 .0349 . 0387 .0426 .0468 .0512 .0557 .0604 
90 ·0095 . 0114 . 0136 . 01Go . OlB5 .0213 . 0212 .0273 .0306 .0541 .0378 .0417 .0458 .0500 .0545 . 0591 
96 .0093 . 0112 . 0133 . 0156 . 0181 . 0208 .0257 . 0267 . 0300 .0334 . 0370 . oLi08 . 0448 . 0489 .0533 . 0578 

102 . 0091 .0110 . 0131 . 0153 . 0178 . 0204 . 0232 . 0262 .0294 . 0327 .0363 . 0400 . 0439 . 0479 . 0522 .0567 
108 . 0089 . 0108 . 0128 . 0150 . 0174 . 0200 . 0228 .0257 . 0288 . 0321 . 0:556 .0392 . 0430 .0470 . 0512 .0556 

control alternates with fu ll conduit flow. Whe n t he control can alternat e between the orifice 
and the full c onduit, it i s possible to ha ve t wo discharges at an identical head and it is not pos­
sible to pre dic t which s ection exerts t he c ontrol at a nyone time. Howeve r, since orifice con­
trol may exist for s om e fo rms of c losed conduit spillways, their hydraulic characteristics 
will be outlined. 

The orific e may be ho r izontal, a s at 
the crest of a drop inlet (Fig . I-l b ); o r it may 
be nearly vertical, a s a t the ent ranc e of a 
barrel having a simple inlet or no inle t at all 
(Fig. 1-4) or a drop inlet suffic ie ntly l arge so 
that the cont rolling orifi ce is at the barrel 
entrance rathe r t ha n a t t he drop inlet cres t . 
For the former case the hea d H is meas-

o 
ured from t he crest a nd fo r t he latter c a se it 
is measured from the center of the entra nce. 
The discharge equation in either cas e is 

Q = C A H 1/ 2 
o 0 

(1-7) 

where Co is a dischar ge coefficient that will 

vary with the inlet conditions. It, like the weir 
coefficient, should be selected carefully since 

- -,----

Fig. 1-4 - Orifice Control at Conduit Entrance 

it can vary between rather wide limits. 

It should be recognized that it is possible to have orifice control at the inlet of the bar­
rel even though the barrel is on a slope less than the fri c tion slope for uniform flow. Another 
way of saying the same thing is: The barrel may flow partly full with the inlet submerged even 
though the barrel slope is such that normally the barrel would be expected to flow full. The 
form of the inlet is important in this connection. If the inlet form is such that the stream con­
tracts sufficiently so the ve locity in the contracted section is greater than both the normal 
velocity and the critical velocity in the barrel, the n the excess velocity head energy plust be 
expended by friction and/or turbulence, and/ or converted to depth energy. It usually takes 
some distance to accomplish this. The distance required to insure a depth of flow equal to 
the barrel height can be determined by computing the water surface profile. The velocity in 
the contracted section can be used as a starting point for these water surfac e computations 
if the orifice contraction coefficient is known or can be estimated. Methods given in References 
[1-44] and [1-49] may be used to determine the water surface profile. If the barrel is so short 
that the depth in the barrel never equals the ba rre l height, then the barrel will not flow full 
and the entrance acting as an orific e controls the he ad-dischar ge relationship. Straub. Ander-
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son, and Bowers [I-50] have shown how the barrel length affects the capactiy of the eulvert.
The reasoning given in this paragraph doesnot apply if the velocityin the barrel is less than
the crit ical velocity.

Short T\rbe at Entrance

When the dropinletis full but the barrel isonly partly full, as in Fig.I-lc,the condition
is that of a short tube control. As observed to date, short tube control i6 a residual type of
flow occurring after the headpool level has risen under orif ice control and has been biawn
down under pipe flow. It is not adesirable condition since it is possible to have three differ-
ent discharges at identical heads--that is, orif ice controlled discharge, short tube controlled
d-i.scharge, and pipe or weir f low controlled discharge. In fact, with certain constant rates of
flow- to the spillway, the control shifts from point to point with accompanying fluctuations in
head and discharge and it is not possible to predict the outflow with ceriaiity at any given
t ime.

The equation for short tube flow is

Q  =  c s o t " t / ' ( I -8)  30 14 lo

28 t2
is a discharge coefficient which

varies with the various forms of short tube.
The head H_ is assumed to be the di.fferences
between the water surface and the point in the
dropinletwhere the water breaks away from
the drop inlet wall. This is shown in Fig. I-lc.
Eq. I-8 tacitly assumesthat the short tube is
not so longthat frictionlosses are important.

where Cs 26  rO
H r  H !

2 4 8

2 2 6

2 0 4

f 8 2

1 6 0
The Composite Head-Discharge Relationship 

t4
The head-discharge curve for the spil l- tzway can be computed now that the equations

gove-rrring the four types of flow have been tO
established. Curves representingthese equa-
tions are shown in Fig, I-5. B

It wil l be noticed in Fig. I-5 that the
origin of heads has been shifted downward
for the short tube and pipe curves so that the
headpool level is al.ways measured from the
same point on the plot. In the case of the short
tube curvethe shift downward is equal to the
effective height of the drop inlet. In the case
of the. pipe flow curve the shift downward is
equal to the difference between the erest of
the inlet and the point where the hydraulic
grade line pas se s through the plane of the con-
duit exit, since the outlet is not submerged.
This shift in the origin is important in deter-
mining the point at which the control shifts
from one curve to the other. The orifice in
this example is at the entrance, as it is in Fig. I-lb, and in this case Ho = H.

HJ4pothetical Portions of the Head-Discharge Curve

It wii l be noticed that some portions of the head-discharge curves presented in Fig. I-S
are dashed. These are computed portions of the curves which n"ever actually govern the hlead-
discharge relationship. Explanation of this may be found in the following p"aiagraphs.

The section of the orif ice curve below the weir curve never determines the head-dis-
charge relatj.onship because there is insufficient f low to fi l l  the orif ice. Similarly, the section
of the short tube eurve below the weir curve does not control the head-discharge'relationship

6

4

?

o

0

Fig. l-5 - Typicol Heod-Dischorge Curves
(See Fig.  l - l  for  typ icol  ceci lonol  e le-
votions of types of f low confrol.)
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son, and Bowers [I-50) have shown how the barrel length affects the capactiy of the culvert. 
The reasoning given in this paragraph does not apply if the velocity in the barrel is less than 
the critical velocity. 

Short Tube at Entrance 

When the drop inlet is full but the barrel is only partly full, as in Fig. I-lc, the condition 
is that of a short tube control. As observed to date, short tube control is a residual type of 
flow occurring after the headpool level has risen under orifice control and has been drawn 
down under pipe flow. It is not a desirable condition since it is possible to have three differ­
ent discharges at identical heads--that is, orifice controlled discharge, short tube controlled 
discharge, and pipe or weir flow controlled discharge. In fact, with certain constant rates of 
flow to the spillway, the control shifts from point to point with accompanying fluctuations in 
head and discharge and it is not possible to predict the outflow with certainty at any given 
time. 

The equation for short tube flow is 

Q = C AH 1/2 
s s 

(1-8) 

where C is a discharge coefficient which 
s 

varies with the various forms of short tube . 
The head H is assumed to be the difference s 
between the water surface and the point in the 
drop inlet where the water breaks away from 
the drop inlet wall. This is shown in Fig. 1-1 c. 
Eq. 1-8 taCitly assumes that the short tube is 
not so longthat friction losses are important. 

The Composite Head-Discharge Relationship 

The head-discharge curve for the spill­
way can be computed now that the equations 
governing the four types of flow have been 
established. Curves representing these equa­
tions are shown in Fig. 1-5. 

It will be noticed in Fig. 1-5 that the 
origin of heads has been shifted downward 
for the short tube and pipe curves so that the 
headpool level is always measured from the 
same point on the plot. In the case of the short 
tube curve the shift downward is equal to the 
effective height of the drop inlet. In the case 
of th~ pipe flow curve the shift downward is 
equal to the difference between the crest of 
the inlet and the pOint where the hydraulic 
grade line passes through the plane of the con­
duit exit, since the outlet is not submerged. 
This shift in the origin is important in deter-
mining the pOint at which the control shifts 
from one curve to the other. The orifice in 
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Fig. 1-5 - Typical Head-Discharge Curves 
(See Fig.l-l for typical sectional ele­
vations of types of flow control.) 

this example is at the entrance, as it is in Fig. 1-1b, and in this case Ho = H. 

Hypothetical Portions of the Head-Discharge Curve 

It will be noticed that some portions of the head-discharge curves presented in Fig. 1-5 
are dashed. These are computed portions of the curves which never actually govern the head­
discharge relationship. Explanation of this may be found in the following paragraphs. 

The section of the orifice curve below the weir curve never determines the head-dis­
charge relationship because there is insufficient flow to fill the orifice. Similarly, the section 
of the short tube curve below the weir curve does not control the head-discharge relationship 



I

because i ts demand for water is greater than can be supplied through the inlet with the head
available over the inlet erest. These sections of the curves are hyfothetical and imaginary,
and so have been dashed.

The port ion of the pipe f low curve below the weir curve is dashed; the pipe caonor con-
trol the f low because there is insuff icient water to completely f i l l  the pipe. Iniact,there can
be no f low at al l  through the pipe unti l  H, exceeds z * ( 

+ 
-Fo) cos-1(sin s). The capacity

of thepipeis greaterthan theflow to i t  unti l  the pipe f low curve crosses the weir f low curve.

The port ion of the weir curve to the r ight of the pipe curve cannot control the f low be-
:aYse for these high discharges the weir is f looded out. The port ion of the weir curve which
is hypothetical and imaginary is dashed.

The remaining sol id port ions of the rat ing curves wil l  controL the f low through the
closedconduit spi l lway. However,the intersections of the curves may berounded rathe"r than
abrupt as indicated in Fig. I-5. Also, the highest heads at which the ori f ice and short tube
curves apply are indeterminate. This is because the disturbances caused at the elbow shown
in_Fig. I : lb g" Fig.I- lc by the falJ. ing stream seai off  the barrel at theupperend and the bar-
rel rapidly f i l ls. The discharge then abruptly jumps over to the pipe f low curve. The head at
whieh this occurs is- i-ndeterminate anal;rt icat ly and cannot be predicted accurately from tests
!e9.aqse i t  T?y be dif ferent each t ime i t  occurs. The control exercised by the pipe curve is
definite and this curve can be extended upward indefinitely.

The indefinite upper l imits of the ori f ice and short tube curves make i t  impossible to
predict the reservoir level at intermediate f lows. The fact that three dif ferent raies of f tow
through the spi l tway can be obtained for the same head also is undesirable. I t  is possible to
design closed conduit spi l lways so that the ori f ice and the short tube can exercise no control
over the head-discharge relat ionship. This is certainly a desirable situation, for then the two
sections of the head-discharge curve representing the ori f ice and the short tube controls are 

'

el iminated and the remaining two sections, repreienting the weir and the pipe, serve to con-
trol the.f lowthrough the spi l lway. Then for any givenre-ervoirpool elevation the computation
oJthe discharge capacitycan bemade with confidence since i t  is possible under these condi-
t ions to have only one rate of discharge for anyreservoir level.  The pri .ncipal reason for in-
c . lud ing  the  or i f i ce  and shor t  tube curves  in  F ig . I -5  i s  to  show what  can happen i f these sec-
t ions do control the f1ow.

Appearance of the Flow

When the wei.r controls the head-discharge relat ionship there is always a definite draw-
down in the in1et, as js shown in Fig. I- la. Up to the point where ori f ice control takes over,
the nappe usually fal ls free down the drop inlet,  but at low heads i t  may cl ing to the sides of
the drop inlet.  Between the pointswhere the ori f ice and short tube curves int irsect the weir
curve of Fig. I-5, the water is st i l l  wel l  drawn down at the inlet but the drop i .nlet is ful l  of a
mixture of air and water. Between thepointswhere theshort tubeand pipe f low curves inter-
sect the wei:r curve, the water surface in the inlet has the same appearance as previously but
both the drop inlet and barrel are ful l  of an air-water mixture. Thus, i t  is possible in the f ield
to recognize weir control by the pronounced dropdown of the water surface over the inlet.  Air
wi l l  be sucked through the spi l lway, sometimes noisi ly, when the weir controls the f1ow.

For ori f ice, short tube, or pipe f low theremay be a sl ight depression of the water sur-
face over the inlet but not the deep depression characterist i i  of wej.r control.  Normally, no
air passes through the spi l lway when the control is ori f ice, short tube, or pipe but some aj.r
may be sucked in through vort ices. For ori f ice f low the drop inlet wi l l  be part ly ful l ,  as in
Fig. I-1b, unless the ori f ice is at the barrel entrance at the base of the drop inlet;  for short
tube f low thedrop inlet wi l l  be fuII ,  as in Fig. I-1c; and forpipe f low the conduit wiU. becom-
p le te ly  fu l l ,  as  in  F ig .  I -1d .

Change of Control

I t  is of interest to describe how the control changes from one section to another. First,
the  four  typ ,eso f  f lowshown in  F ig . I -5  w i l l  beassumed to  ex is t .  Second, f low th rougha be t te r
type of spi l lway where only the weir and the pipe control the f low wil l  be described.

- -According _to the curves of Fig. i-5 the weir wi l l  control the f low when the discharge is
less than about 0.9. Thi.s control is definite and i .s not shared with any other section oT the
sp i l Iway .
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because its demand for water is greater than can be supplied through the inlet with the head 
available over the inlet crest. These sections of the curves are hypothetical and imaginary, 
and so have been dashed. 

The portion of the pipe flow curve below the weir curve is dashed; the pipe cannot con­
trol the flow because there is insufficient water to completely fill the pipe. In fact, there can 

be no flow at all through the pipe until Ht exceeds Z + ( -f -{3D) cos- 1 (sin S). The capacity 

of the pipe is greater than the flow to it until the pipe flow curve crosses the weir flow curve. 

The portion of the weir curve to the right of the pipe curve cannot control the flow be­
cause for these high discharges the weir is flooded out. The portion of the weir curve which 
is hypothetical and imaginary is dashed. 

The remaining solid portions of the rating curves will control the flow through the 
closed conduit spillway. However, the intersections of the curves may be rounded rather than 
abrupt as indicated in Fig. 1-5 . Also, t he highest heads at which the orifice and short tube 
curves apply are indeterminate. This is because the disturbanc e s caused at the elbow shown 
in Fig. I-Ib or Fig. I-Ic by the falling stream seal off the barrel at the upper end and the bar­
rel rapidly fills. The discharge then abruptly jump s ove r t o the pipe flow curve. The head at 
which this occurs is indeterminate analyt ically a nd c annot be predicted accurately from tests 
because it may be different e a ch t ime it oc curs . The control exercised by the pipe curve is 
definite and this curve can be extended u pward indefinitely. 

The indefinite upper limit s of t he orifice and sho r t tube curves make it impossible to 
predict the reservoir lev el at inte rme diate flow s. T he fa ct that three different rates of flow 
through the spillway c an be obtained for t he s a m e head a lso is undesirable. It is possible to 
design closed conduit spillway s so t hat the or i fic e and the short tube can exercise no control 
over the head-discharge relationship . Thi s i s ce r tainly a desirable situation, for then the two 
sections of the head-discharge curve r epre s e nting the orifice and the short tube controls are 
eliminated and the remaining two sections , r epre senting the weir and the pipe, serve to con­
trol the flow through the spillway . The n fo r any given r eservoir pool elevation the computation 
of the discharge capacity can be made with confidence since it is possible under these condi­
tions to have only one rate of disc harge for any rese r voir level. The principal reason for in­
cluding the orifice and short tub e curve s in Fig . 1- 5 is to s how wha t can happen if these sec­
tions do control the flow. 

.. 
Appearance of the Flow 

When the weir controls the head-discharge relationship there is alwa ys a definite draw­
down in the inlet, as is shown in Fig. I-la. Up to the point where orifice control takes over, 
the nappe usually falls free do wn the drop inlet, but at low heads it may cling to the sides of 
the drop inlet. Between the points where the orIfice and short tube curves intersect the weir 
curve of Fig. 1-5, the water is still well drawn down at the inlet but the drop inlet is full of a 
mixture of air and water. Between the points where the short tube and pipe flow curves inter­
sect the we i r curve, the water surface in the inlet has the same appearanc e as previously but 
both the drop inlet and barrel are full of an air-water mixture. Thus, it is possible in the field 
to recognize weir control by the pronounced dropdown of the water surface over the inlet. Air 
will be sucked through t he spillway, sometimes noisily, when the weir controls the flow. 

For orifice, short tube, or pipe flow there may be a slight depression of the water sur­
face over the inlet but not the de ep depression cha racteristic of weir control. Normally, no 
air passes through the spillway when the control is orifice, short tube, or pipe but some air 
may be sucked in through vortices. For orifice flow the drop inle t will be partly full, as in 
Fig. I-Ib, unless the orifice is at the barrel entrance at the base of the drop inlet; for short 
tube flow the drop inlet will be full, as in Fig.I-Ic; and for pipe flow the conduit will be com­
pletely full, as in Fig. I-Id. 

Change of Control 

It is of interest to describe how the control change s from one section to another. First, 
the four types of flow shown in Fig. 1-5 will be assumed to e xist. Second, flow through a better 
type of spillway where only the weir and the pipe control the flow will be described. 

According to the curves of F ig. 1-5 the weir will control the flow when the discharge is 
less than about 0.9 . This control is definite and is no t share d with any other section of the 
spillway. 
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When the f low to the spl l lway isgreater than 0.9, the head wil l  increase f irst along the
wei.r curve to i ts intersectionwith the ori f j .cecurve thenalong the ori f ice curve. At someun-
known pond or reservoir level the outf low rate wil l  jump abruptly from the ori f ice curve to
the pipe curve. The pipe may control.  the discharge i f  the rate of inf low to the pond is great
e-nough. ^If the outflow rate exceeds the inflow rate, the reservoir is drawn down first ilong
the pipe f lowcurve to i tsintersection with theweircurve then along the weir f low curve. The
flow may stabi l ize on the weir f low curve or i t  may jump to eithei the short tube or ori f ice
curves, possibly result ing in a further bui ldup of the headpool level and a repeti t ion of the
cycle. As observed to date, the jump across is always to the pipe curve from either the ori-
f ice or short tube curves and never to the short tube curve from the ori f ice curve.

While the weir can control the f low to the r ight of the intersection of the ori f i .ce and
short tube curves of Fig. I-5, the head and discharge along these sections of the weir f low
curve cannot be reached direct ly. The pond }evel must f i rst r ise along the ori f ice curve, the
flow must jump to the pipe f low curve, and the reservoir level must ?al l  along the pipe f low
curve to reach these sections of the weir curve. Similarly, the short tube control is not
reached direct ly but is a residual condit ion that mayexist onlyafter pipeflow and the subSe-
quent drawdown of the reservoir through the upper section of the weir curve.

In contrast to these unsteady and unpredictable f lows just described, a spi l lway design
which insures that ori f ice and short tube f lowwil l  not exist also insures that a definite head-
discharge relat ionship can be establ ished. This relat ionship is given by the weir and pipe
curves of Fig. I-5. With increasing f low to the spi l lway the di.scharge is determined f irst by
the weir curve and then, after the capacity of the weir i .s exceeded, by the pipe curve. The
transferofcontrol between thetwo curvesis gradualand reversible--not abrupt and irrever-
sible as for the ori f ice and short tube controls. The head-discharge relat ionship is dependable
for both increasing and decreasing f lows to the spi l lway.

It  should be recognized that the f low into the reservoir can be either greater or Iess
than the f low throughthe closed conduit spi l lway; the dj. f ferenee between i .nf lowand outf low is
s to red  in  o rw i thdrawn f romthe reservo i rand serves  to  i .nereaseor  decrease i t s  leve l .How-
ever, for any glven constant rate of inf low, the pond level wiLl eventual ly stabi l ize i f  the weir
and the pipe alone control the f low. In contrast, when ori f ice and short tube control are also
present, the reservoir leveI and the spi l lway f low may never stabi l ize but wi l l  al ternately r ise
and fal l  as the control shif ts from one section to another.

PRESSURES WITHIN THE SPILLWAf

The pressures in the closed conduit spi.Llway and in i ts inlet depend on the type of f low
in the spi l lway as well  as on the discharge and on the form of the spi l lway. I t  is eonvenient
to divide the ensuing discussion into sections dealing with the conduit pait ly ful l ,  the inter-
mediate f low condit ions, and the conduit completely ful l .

Conduit Part ly FuIl

When the conduit is part ly ful l ,  the normal pressures on the invert should be approxi-
matelyequal tothe depth of f low. Improperlyal igned joints or similar disturbances may cause
loca l  inc reases  or  decreases  in  the  pressure .  Ord inar i l y , these pressurechangeswi l ibe  un-
important, but the possibi l i ty of cavitat ion and i ts result ing damage should noibe overlooked
where the velocity is high. The remedy for this is in bettef consttuct ion, and j . t  should not be
considered a hydraul ic problem within the scope of this paper.

Water fal l ing down a drop inlet may cause high local pressures at the foot of the drop
inlet and on the barrel invert at i ts entrance. For the usual case these pressure increases
over the normal pressures wil l  not be suff icient to cause concern.

Pressures at any point in a conduit fLowing partly full
conduit diameter or of some other pertinent dimension (for

can be  expressed in  te rms o f  the
example in terms of he/D) and

ean be eonverted into
in this case, the pipe

prototype pressures by multiplying this ratio by the proper dimension--
diameter.

For intermediate
ful l ,  or is continuously

Intermediate Flow Condit ions

flow conditi.ons the conduit is
full of a water-air mixture. In

aLternately partly full and completely
other words, intermediate flow condi-
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When the flow to the spillway is greater than 0.9, the head will increase first along the 
weir curve to its intersection with the orifice curve then along the orifice curve. At some un­
known pond or reservoir level the outflow rate will jump abruptly from the orifice curve to 
the pipe curve. The pipe may control the discharge if the rate of inflow to the pond is great 
enough. If the outflow rate exceeds the inflow rate, the reservoir is drawn down first along 
the pipe flow curve to its intersection with the weir curve then along the weir flow curve. The 
flow may stabilize on the weir flow curve or it may jump to either the short tube or orifice 
curves, possibly resulting in a further buildup of the headpool level and a repetition of the 
cycle. As observed to date, the jump across is always to the pipe curve from either the ori­
fice or short tube curves and never to the short tube curve from the orifice curve. 

While the weir can control the flow to the right of the intersection of the orifice and 
short tube curves of Fig. 1-5, the head and discha rge along these sections of the weir flow 
curve cannot be reached directly. The pond level must first rise along the orifice curve, the 
flow must jump to the pipe flow curve, and the reservoir level must fall along the pipe flow 
curve to reach these sections of the weir curve. Similarly, the short tube control is not 
reached directly but is a residual condition that may e xist only after pipe flow and the subse­
quent drawdown of the reservoir through the uppe r s ection of the weir curve. 

In contrast to these unsteady and unpredictable flows just de scribed, a spillway design 
which insures that orifice and short tube flow will not e xist also insures that a definite head­
discharge relationship can be established. This relationship is given by the weir and pipe 
curves of Fig . 1-5. With increasing flo w to the spillway the discharge is determined first by 
the weir curve and then, after the capacity of the weir i s exce e de d, by the pipe curve. The 
transfer of control between the two curves is gradual and reversible--not abrupt and irrever­
sible as for the orifice and short tube controls. The he ad-discharge relationship is dependable 
for both increasing and decreasing flo ws to t he spillway . 

It should be recognized that t he flow into t he r e s e r voir c an be either greater or less 
than the flow through the closed conduit s pillway; t he diffe renc e between inflow and outflow is 
stored in or withdrawn from the res e r voi r a nd s e r ves t o increase or decrease its level. How­
ever, for any given constant rat e of inflow, the pond leve l will eventually stabilize if the weir 
and the pipe alone control the flo w . In cont rast , when orifice and short tube control are also 
present, the reservoir level a nd the s pill way flow m ay never stabilize but will alternately rise 
and fall as the control shifts from one s ection to a nother. 

PRESSURE S WITHIN THE SPILLWA~ 

The pressures in the clo s e d conduit spillway and in its inlet depend on the type of flow 
in the spillway as well as on the dis cha rge and on t he form of the spillway. It is convenient 
to divide the ensuing discussion into s ections dealing with the conduit partly full, the inter­
mediate flow conditions, and the conduit com plete ly full. 

Conduit Partly Full 

When the conduit is partly full, the normal p r e ssures on the invert should be approxi­
matelyequal to the depth of flow. Imprope rly aligned joints or similar disturbances may cause 
local increases or decreases in the pressure. Ordinarily, these pressure changes will be un­
important, but the possibility of cavitation and its r e sulting damage should not be overlooked 
where the velocity is high. The remedy for this is in bett er construction, and it should not be 
considered a hydraulic problem within the scope of this paper. 

Water falling down a drop inlet may cause high local pressures at the foot of the drop 
inlet and on the barrel invert at its entrance. For the usual case these pressure increases 
over the normal pressures will not be sufficient to cause concern. 

Pressures at any point in a conduit flowing partly full can be expressed in terms of the 
conduit diameter or of some other pertinent dimension (for example in terms of h / D) and 

p 
can be converted into prototype pressures by multiplying this ratio by the proper dimension-­
in this case, the pipe diameter. 

Intermediate Flow Conditions 

For intermediate flow conditions the conduit is alternately partly full and completely 
full, or is continuously full of a water-air mixture. In other words, intermediate flow condi-
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tions cover the range between continuous open channel f low and continuous ful l  conduit f low.
Air i .s carr ied alongwith the watereither intermittently or continuously when f low condit ions
are  in te rmed ia te .

Part icularly when the conduit is on a slope steeper than the fr ict ion slope, there is a
range of discharge where the conduit alternates between part-ful l  f low and where occasional
hydraul ic jumps form near the barreL entrance, completely f i l l  the barrel cross section, and
travel down and out the conduit.  The travel ing hydraul ic jumps suck considerable air along
with them. Thepressure f luctuates for these condit ions. The rangeof f luctuationof the presl
sures is from a normal maximum equal to the depth of f low, to J minimum which is gieater
than the minimum observed later on and which therefore does not inf luence the desigi.  With
increas ingd ischarges  the  f requencyof  the  t rave l ing  hydrau l i c jumps increases  un t i l i he  con-
duit is f lowing cornpletely ful l  of a water-air mixture. The pressures are low but are steady
for this f low condit ion. With further increases in the di.scharge, the air f low decreases unti l
the conduit f lowscompletely ful l  of water alone. The minimum pressureoccurs at this latter
discharge. Methods of determining the pressures for ful l  pipe f loware given in the fol lowi.ng
sec t ion .

Water-air mixture f low also occurs for drop inlet spi l lways when the barrel is on a
slope that is less than the fr ict ion slope but the travel ing hydraul ic jumps may not occur.

Conduit Completely FulI

A knowledge of the pressures for the condit ion of ful l  pipe f low is of considerable im-
portance because for some closed conduit spi l lway designs i t  is possible to have pressures
tha t  a re  c lose  to  abso lu te  zero .  Pressures  c lose  to  abso lu te  zero  imp ly  tha t  cav i ta t ion  may
take place which, i f  suff iciently severe, can result in the complete destructionof the spi l lway.

Theana lys iso f  the  pressures ismade in  such a  way as  to  separa te  the  pressure  e f fec ts
due to conduit length, total fal l ,  and fr ict ion from those pressure effects caused by local dis-
tu rbances .  Loca l  d is tu rbances  may or ig ina te  a t  the  en t rance,  bends ,  e tc .  They  cause loca l
deviat ions of the hydraul ic grade l ine from its normal posit ion. Local pressuie deviat ions
are determined experimental ly. The method of analysis given here simpli f ies their appl ica-
t ion by the designer. In other words, because the local pressure effects are given indepen-
dgnlly of the total fal l  or roughness they can be applied to any conduit length, to any total fal l
of the conduit,  or to any conduit roughness. Therefore, the pressure which- can be int icipated
under f ield condit ions is determined by adding algebraical ly the local pre;sure effects to the
pressure effects result ing from the conduit length, fal l ,  and fr ict ion. Also, the analysis is
m^ade in such a way as to compensate for the actual size of the conduit and the actual qiranti ty
of water f lowing in the conduit,  the only restr ict ion being that the conduit is ful l .  Thus, oni:
relat ive local pressure value can be used to compute, at any one point in the spi l lway, the
actual local pressure forany conduit sizeand anyrate of f low provided the conduits are geo-
met r ica l l y  s im i la r .

The pressureat anypoint in the conduit is determined by computing the unknown pres-
sure at the point under consideration from the known pressure at some reference poi.nt.  The
Bernoull i  equation

_ _ 2
v po  ' o

- f _ + z

2 9 w o

v 2 p
. - + - + z + h r + .

2 g w
(r-  e)

is used for this purpose where V is the velocity in feet per second, p is the pressure in
pounds per square foot, w is the unit weight of water in pounds per cubic foot, z is the ele-
vation of the point in feet, and h, is the friction head loss betweenthe two pointsin feet. The

subscript o denotes a reference point in a zone of uniform flow. The reference point is here
taken at the point where the hydraulic grade line pierces the plane of the conduj.t exit, or at
the center of the exit if the hydraulic grade line position is unknown. To the right side of Eq.
I-9 should be added any additional losses that oceur between the conduit exit and the point in
question. These losses may be due to bends, expansi.ons, contractions, etc.

Eq. I-9 may be reduced to a dimensionless basis. This both simplif ies the experimental
work and broadens the subsequent application to design problems. Dividing by the reference
veloc i ty  head and rearranging,  Eq.  I -9 becomes

11 

tions cover the range between continuous open channel flow and continuous full conduit flow. 
Air i s c arr ied along with the water either intermittently or continuously when flow conditions 
are interme diate. 

Particularly when the conduit is on a slope steeper than the friction slope, there is a 
range of discharge where the conduit alternates between part-full flow and where occasional 
hydrauliC jumps form near the barrel entrance, completely fill the barrel cross section, and 
travel down and out the conduit. The traveling hydraulic jumps suck considerable air along 
with them. The pressure fluctuates for these conditions. The range of fluctuation of the pres­
sures is from a normal maximum equal to the depth of flow, to a minimum which is greater 
than the minimum observed later on and which therefore does not influence the design. With 
increaSing discharges the frequency of the traveling hydraulic jumps increases until the con­
duit is flowing completely full of a water-air mixture. The pressures are low but are steady 
for this flow condition. With further increases in the discharge, the air flow decreases until 
the conduit flows completely full of water alone. The minimum pressure occurs at this latter 
discharge. Methods of determining the pressures for full pipe flow are given in the following 
section. 

Water-air mixture flo w also occurs for drop inlet spillways when the barrel is on a 
slope that is less than the friction slope but the traveling hydraulic jumps may not occur. 

Conduit Completely Full 

A knowledge of the pressures for the condition of full pipe flow is of considerable im­
portance because for some closed conduit spillway designs it is possible to have pressures 
that are close to absolute zero. Pressures close to absolute zero imply that cavitation may 
take place which, if suffic iently severe, c an result in the complete destruction of the spillway. 

The analysis of the pressures is made in such a way as to separate the pressure effects 
due to conduit length, total fall, and friction from those pressure effects caused by local dis­
turbances. Local disturbanc es may o riginate at the entrance, bends, etc . They cause local 
deviations of the hydraulic grade line from its normal position. Local pressure deviations 
are determined experimentally. The method of analysis given here simplifies their applica­
tion by the deSigner. In other words, because the loc al pressure effects are given indepen­
dently of the total fall or roughness they c an be applied to any conduit length, to any total fall 
of the conduit, or to any conduit roughness. Therefore, the pressure which can be anticipated 
under field conditions is determined by adding algebraically the local pre'!5 sure effects to the 
pressure effects resulting from the conduit length, fall, and friction. Also, the analysis is 
made in such a way as to compensate for the actual size of the conduit and the actual quantity 
of water flowing in the conduit, the only restriction being that the conduit is full. Thus, one 
relative local pressure value can be used to compute, at anyone point in the spillway, the 
actual local pressure for any conduit size and any rate of flow provided the c onduits are geo­
metrically similar. 

The pressure at any pOint in the conduit is determined by computing the unknown pres­
sure at the pOint under consideration from the known pressure at some reference point. The 
Bernoulli equation 
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is used for this purpose where V is the velocity in feet per second, p is the pressure in 
pounds per square foot, w is the unit weight of water in pounds per cubic foot, z is the ele­
vation of the pOint in feet, and h

f 
is the friction head loss between the two pOints in feet. The 

subscript 0 denotes a reference point in a zone of uniform flow . The reference point is here 
taken at the point where the hydraulic grade line pierces the plane of the conduit exit, or at 
t he center of the exit if the hydraulic grade line position is unknown. To the right side of Eq. 
1-9 should be added any additional losses that occur between the conduit exit and the point in 
question. These losses may be due to bends, expansions, contractions, etc. 

Eq. 1-9 may be reduced to a dimensionless basis. This both simplifies the experimental 
work and broadens the subsequent application to design problems. Dividing by the reference 
velocity head and rearranging, Eq. 1-9 becomes 
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In this paper the reference velocity is assumed to be the mean velocityin the barrel, and the
reference point for elevation and distanceis the point wherethe hydraulic grade line pierces
the conduit at its exit end; at this point zo, po, and ! are zero. The lengfh .0 is meosured up-

streom olong theoxlsof the borrel ond is negotive in sign--o foct thot must bc remembered when delermining

the sign of h' Replacing V'?/ZS by the symbol hvp, p/* by hp, and substituting the values

of zo and po in Eq. I-10, its form becomes

h  1 z  + h " +p r = l - ( r - 1 1 )

Fr ic t ion  grode l ine

h' (-) H y d r o u l i c  g r o d e  l i n e

vp

i(+) It___-_r__ _- D o l u m

( o )  S l o p i n g  B o r r e l

; -  F r ic t ion  grode l ine

H y d r o u l i c  g r o d e

( b )  H o r i z o n i o l  F r i c t i o n l e s s  B o r r e l

Fig. l-6 - Typlcol Hydroullc Grode Line

The pressure head hO, the elevation z, and the friction head h, are defined in Fig. I-6a.

There j.t can be seen that z is the elevation of a point in the conduit above the datum plane
and that hO is measured from the elevation of that point to give the elevation of the hydraulic

grade line h. * z. The friction head h, is measured upward from the datum plane but is
t,

negative in sign because the point being considered is upstream from the reference point.

hn

hvp

12 

P Po 

_w_+_z __ - _W __ v_o_:_O_+_h_f_+_._._" • 1 - t:j 
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In this paper the reference velocity is assumed to be the mean velocity in the barrel, and the 
reference point for elevation and distance is the point where the hydraulic grade line pierces 
the conduit at its exit end; at this pOint zo' Po' and 1 are zero. The length '.l is measured up-

stream along the axis of the barrel and is negative in sign--a fact that must be remembered when determining 

the sign of h
f
. Replacing V 2/2g by the symbol h , p/w by h , and substituting the values o vp p 

of Zo and Po in Eq. 1-10, its form becomes 

hp + z + hf + ... 

h vp 

-~----

hd-) 

z (+) I L_--L __ _ 
-----.-- Datu m -- -.------------------------

(a) Sloping Barrel 

______ ...t.:=Friction grade lin::;t 

~:, 7"'d""';' ,cod,lIoo 

(b) Horizontal Frictionless Barrel 

Fig. 1-6 - typical Hydraulic Grade line 

(1-11) 

The pressure head hp' the elevation z, and the friction head hf are defined in Fig. I-6a. 

There it can be seen that z is the elevation of a point in the conduit above the datum plane 
and that hp is measured from the elevation of that point to give the elevation of the hydraulic 

grade line hp + z. The friction head hf is measured upward from the datum plane but is 

negative in sign because the point being considered is upstream from the reference point. 
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The sum of (+ or -) ho, (+ or -) z, and (-) h, is symbolized by (+ or -) h' or

h r r = h p *  z + h r + . . .  ( I - 1 2 )

The term h' represents the departure of the hydraulic grade Iine from the friction grade

line; hr, also represents the local pressure variation from the fricit ion grade li.ne resulting

from some disturbance such as, for example,the conduit entrance; and h' can be considered

to give the elevation of the hydraulic grade line for a horizontal frictionless conduit since it
represents the pressure remainingafter the effects of elevation and friction(and bends, etc.,
if applicable) are taken into account.

Combining Egs. I-11 and I-12,

hn
- =  I  -

h
vp

(;I ( r -  1  3)

Inwords, Eq. I-13 states that the localpressure head for ahypothetical horizontal frictionless
conduit h. relative to the mean velocity head in the pipe hvp is a function only of the ratio

of the local velocity V to the mean velocity in the conduit Vo. For flow in any dynamically

similar spitlway the ratio V/Vo is identical for any similarly located point within the spill-

way. It follows from Eq. I-13that the ratio hrr/h.,rp is alsoidentical for any similarty located

point within a d;mamically similar spillway. Therefore, if hn/hvp is determined for any closed

conduit spillway, it is identical to hrr/hr.O for any otherdJrnamically similar spillwaynomat-

ter whether it be small enough to test in a hydraulic laboratory or large enough to pass a
major f lood.

Once hrr/h,,r' has been determined i.n the laboratory, the value of h^ can be computed

for any size spil lway if the discharge is known so that nrr' ""r be computed. Also, since

hrr/hrrp is the same no matter what the flow through the full conduit may. be, the value of h'

for any flow may be determined by computing the value of hrr' for that diseharge and multi-

plying the result by hn/hvp. The interesting and valuable deduction is that a single deter-

mination of hr,/hrrp will permit the computation of h' for any size of geometrically similar

spillway as well as for any rate of fuII conduit flow through the spillway.

Rouse[I-43, pp. 80 to 85] has explained these relationships in slightly different terms.
Reference may be made to this text for further information.

Values of hrr/h'p for the hydraulic grade lineof Fig. I-6a are givenin Fig.I-6b. There

it will be noticed that hn/hv' is zero for most of the conduit length and only near the en-

trance--a local disturbance--doe" hrr/hrrp deviate from zero. A zero value of hrr/hrr' in-

dicates that there is no local disturbance to affect the pressure and that the hydraulic grade
line can be drawn by plotting the friction and other Iosses.Neartheentranceorin thevicinity
of other disturbanc6s it wilibe necessary to take h.r/hrr' into account and add it to the fric-

tion and other losses. Whether the conduit is under pressure or whether a partial vacuum
exists depends on whether the conduit is below or above the hydraulic grade line.

The designer is interested in determining the pressure head hO at a number of points

in the structure with which he is working. This is accomplished by rearranging Eq. I-12 to
the form

h
6  = - L X h , . ^ - r - h f

P 6 v P
vp

( I -14 )
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The sum of (+ or -) hp' (+ or -) z, and (-) hf is symbolized by (+ or -) h
n 

or 

(1-12) 

The term h represents the departure of the hydraulic grade line from the friction grade n 
line; hn also represents the local pressure variation from the fricition grade line resulting 

from some disturbance such as, for example, the conduit entrance; and h can be considered n 
to give the elevation of the hydraulic grade line for a horizontal frictionless conduit since it 
represents the pressure remaining after the effects of elevation and friction (and bends, etc., 
if applicable) are taken into account. 

Combining Eqs. 1-11 and 1-12, 

:n = 1 _ (~)2 
vp \ 0 

(1-13) 

In words, Eq. 1-13 states that the local pressure head for a hypothetical horizontal frictionless 
conduit h relative to the mean velocity head in the pipe h is a function only of the ratio n vp 
of the local velocity V to the mean velocity in the conduit V . For flow in any dynamically o 
similar spillway the ratio V / V is identical for any similarly located point within the spill­o 
way. It follows from Eq. 1-13 that the ratio h / h is also identical for any similarly located n vp 
point within a dynamically similar spillway. Therefore, if h / h is determined for any closed n vp 
conduit spillway, it is identical to h / h for any other dynamically similar spillway no mat-n vp 
ter whether it be small enough to test in a hydraulic laboratory or large enough to pass a 
major flood. 

Once h / h has been determined in the laboratory, the value of h can be computed n vp n 
for any size spillway if the discharge is known so that h can be computed. Also, since vp 
h / h is the same no matter what the flow through the full conduit may- be, the value of h n vp ~ n 
for any flow may be determined by computing the value of h for that discharge and multi-vp 
plying the result by h / h . The interesting and valuable deduction is that a single deter­

n vp 
mination of h / h will permit the computation of h for any size of geometrically similar 

n vp n 
spillway as well as for any rate of full conduit flow through the spillway. 

Rouse [1-43, pp. 80 to 85] has explained these relationships in slightly different terms. 
Reference may be made to this text for further information. 

Values of h /h for the hydraulic grade line of Fig. I-6a are givenin Fig. I-6b. There 
n vp 

it will be noticed that h /h is zero for most of the conduit length and only near the en-
n vp 

trance--a local disturbance--does h / h deviate from zero. A zero value of h / h in-n vp n vp 
dicates that there is no local disturbance to affect the pressure and that the hydraulic grade 
line can be drawn by plotting the friction and other losses. Near the entrance or in the vicinity 
of other disturbances it will be necessary to take h / h into account and add it to the fric-n vp 
tion and other losses. Whether the conduit is under pressure or whether a partial vacuum 
exists depends on whether the conduit is below or above the hydraulic grade line. 

The designer is interested in determining the pressure head hp at a number of points 

in the structure with which he is working. This is accomplished by rearranging Eq. 1-12 to 
the form 

h = p 

h 
n 

h vp 

X hvp - z - hf - . . • (1-14) 
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and substituti.ng the proper val-ues of hrr', z, hf, ete., for his particular structure together

with values of hrr/hrrp selected from the results of tests on a spil lway which is dynamically

similar to his. Values of hrr,/h.,r' for various types of closed conduit spillways will be given

in subsequent papers in this series.

If the computed value of hO is less than about -25 ft to -28 ft of water, the designer

should be concerned about the possibility of cavitation damage and should give consideration
to a change that will raise hO Thie may be accompliehed by using rougher pipe, by lowering

the pipe, etc. The minimum value of hO wi.ll ordinarily occur near the conduit entrance or

at some other disturbance that serves to lower the pressure and at the discharge which exists
when the conduit Just flows completely full of water, that is, at the beginning of pipe ftow.

APPLICATION OF THEORY

The first step in applying the theory as outlined here is a determination of the head-
discharge relationship--or a determination of the capacity of the spillway if the complete
head-discharge curve is not needed. It is presumed here that the preliminary computations
have determined the form and dimensj"ons of the spillway.

The capacity of the spillway, if it is known that only weir and pipe control are present,
is determined by computing the discharge for the design head assuming both weir and pipe
control. The lesser discharge is the correct one.In making these computations the weir head
is, of course, measured fromthe weir crest and the pipe head fromthe tailwater levelor from
the center of the outlet or, more precisely, from the point where the hydraulic grade line
pierces the outlet plane. The discharge coefficient of the weir is taken from some later part
of this report series orfrom someother reliable source. The coefficients in the pipe formula
(Eq. I-5) also are taken from some reliable source wherein the spillway form is the same as
is to be used in the spil lway under consideration. The friction factor for the pipe is also ob-
tained from some reliable source. A few sources of informationare given in the Bibliography.

If a rating curve for the spil lway is desired, it wilt be necessary to compute the dis-
charge for a number of heads. The head and discharge should be plotted as in Fig. I-5 with
the origin of head for pipe flow offset so that the plotted hea{s always refer to the crest of
the weir. The lesser discharge at any given head computed utring both the weir and the pipe
formulas is what actuallypasses through the spillway, the greaterindicated diseharges being
purely imaginary since only one section of the conduit controls the flow at any one ti.me.

Whether.ornot orif iceand short tube flow are possible in a spil lwaycan be determined
by reference to the part of this report series which covers the form of the spil lway being con-
sidered. If these controls exist their capacity should also be determined, A minimum head at
which each control becomes effective is determined from a plot simi.Iar to Fig. I-5 or by
equating the weir and orifice or short tube equations. The maximum head at which each con-
trol is effective can be approximated by referring to the pertinent part of this report series.
If thefe is uncertainty as to whether orifice or short tube control is present in some design
which has not been tested, these controls can be assumed and the diseharges can be computed.
It is safe to suppose that the control is not as assumed if the computed discharge at any head
is greater than weir or pipe flow. Conversely, lesser computed discharges indicate the pos-
sibil i ty of orif ice or short tube control, as the case may be.

The pressures for part-full f low are low and ordinarily wil l be of no concern. Usually
it wil l not be neeeesary to computethem. If their determination becomes necessary they can
be computed from the common equations dealing with open channel flow. These equations
should give satisfactoryresults except in the vicinity of the inlet, or at other locations where
there are disturbances that affect the pressures.

Pressures for intermediate flow conditions fluctuate widely and eannot be reliably de-
termined at any instant. Since the range of pressure is between those observed for part-fu1l
flow and those observed for full flow, it is not neeessaryto actually determine them. The suck-
ing of airand thepossiblevibration of thestructure make intermediate flow spectacular. The
air flow and noise are presumably of little practical importance. The vibration may or may
not be important.
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and substituting the proper values of h ,Z, hf, etc., for his particular structure together vp 
with values of h /h selected from the results of tests on a spillway which is dynamically n vp 
similar to his. Values of h /h for various types of closed conduit spillways will be given n vp 
in subsequent papers in this series. 

If the computed value of hp is less than about -25 ft to -28 ft of water, the designer 

should be concerned about the possibility of cavitation damage and should give consideration 
to a change that will raise hp' This may be accomplished by using rougher pipe, by lowering 

the pipe, etc. The minimum value of h will ordinarily occur near the conduit entrance or 
p 

at some other disturbance that serves to lower the pressur e and at the discharge which exists 
when the conduit just flows completely full of water, that is, at the beginning of pipe flow. 

" 

APPLICATION OF THEORY 

The first step in applying the theory as outlined here is a determination of the head­
discharge relationship--or a determination of the capacity of the spillway if the' complete 
head-discharge curve is not needed. It is presumed here that the preliminary computations 
have determiried the form and dimensions of the spillway. 

The capacity of the spillway, if it is known that only weir and pipe control are preset:lt, 
is determined by computing the discharge for the design head assuming both weir and pipe 
control. The lesser discharge is the correct one. In making these computations the weir head 
is, of course, measured from the weir crest and the pipe head from the tailwater level or from 
the center of the outlet or, more precisely, from the point where the hydraulic grade line 
pierces the outlet plane. The discharge coefficient of the weir is taken from some later part 
of this report series or from some other reliable source. The coefficients in the pipe 'formula 
(Eq. 1-5) also are taken from some reliable source wherein the spillway form is the same as 
is to be used in the spillway under consideration. The friction factor for the pipe is also ob­
tained from some reliable source. A few sources of information are given in the Bibliography. 

If a rating curve for the spillway is desired, it will ~e necessary to compute the dis­
charge for a number of heads. The head and discharge should be plotted as in Fig. 1-5 with 
the origin of head for pipe flow offset so that the plotted heads always refer to the crest of 
the weir. The lesser discharge at any given head computed u s ing both the weir and the pipe 
formulas is what actually passes through the spillway, the greater indicated discharges being 
purely imaginary since only one section of the conduit controls the flow at anyone time. 

Whether ,or not orifice and short tube flow are possible in a spillway can be determined 
by reference to the part of this report series which covers the form of the spillway being con­
sidered. If these controls exist their capacity should also be determined. A minimum head at 
which each control becomes effective is determined from a plot similar to Fig. 1-5 or by 
equating the weir and orifice or short tube equations. The maximum head at which each con­
trol is effective can be approximated by referring to the pertinent part of this report series. 
If there is uncertainty as to whether orifice or short tube control is present in some design 
which has not been tested, these controls can be assumed and the discharges can be computed. 
It is safe to suppose that the control is not as assumed if the computed discharge at any head 
is greater than weir or pipe flow. Conversely, lesser computed discharges indicate the pos­
sibility of orifice or short tube control, as the case may be. 

The pressures for part-full flow are low and ordinarily will be of no concern. Usually 
it will not be necessary to compute them. If their determination becomes necessary they can 
be computed from the common equations dealing with open channel flow. These equations 
should give satisfactory results except in the vicinity of the inlet, or at other locations where 
there are disturbances that affect the pressures. 

Pressures for intermediate flow conditions fluctuate widely and cannot be reliably de­
termined at any instant. Since the range of pressure is between those observed for part-full 
flow and those observed for full flow, it is not necessary to actually determine them. The suck­
ing of air and the possible vibration of the structure make intermediate flow spectacular. The 
air flow and noise are presumably of little practical importance. The vibration mayor may 
not be important. 
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. Minimumpressureswill ordinarilyoccur for the dischargewhere weir control changes
to pipe control, that is at the minimum discharge for full pipe fl.ow. The pressure in the con-
duit is determined from Eq. I-14. Except in the vicinity of disturbances, hrr/h.,rp is zero. If
there are no disturbanc-esin the spil lway the pressures can be computed without recourse to
model  s tudies.  I f  d is turbances ex is t , , th6pressuresin thei rv ic in i ty  in i rs t  ord inar i ly  bedeter-
mined experimentally. Values of hrr/hrro for each spil lway tested witt Ue given i.n subsequent
parts of this report series and reference should be made to them to determin" hrr/h,rp. Harris

[I-23] has shown that hnlhvD can be as low as -1.2?. It is therefore importanf to dltermine
the minimum values of hO io make sure that the pressure is not so elose to absolute zero
that the water wil l vaporize, cavities form, and subsequently collapse. If the collapse takesplace next to the wall of the spil lway the concrete and the steel *.v be eaten awav and even-
tually the structure may be destroyed. This is the process known is t 'cavitation,fi

SUMMARY

The theory of closed conduit spil lways may be summarized as follows:

1. The capacity of the spil lway,when the control is

a. a rectangular weir, is given by the equation

Q -  Cr- t f /z

or, in the semi-dimensionless form, by the equation

a

D'l  2
= " ; ( * ) " '

( i -  1 )

( r -2)

(r- 5)

( I -  7)

b .

c .

d .

e .

a circular weir, ie obtained from experimentallydetermined curves of the dimen-
sionless head-discharge relationship;

a drop inlet weir, is given by Eqs. I-1 or I-2, the proper value of L being deter-
mined from the geometry of the crest and the presence or absence of head walls;

the barrel exit, is determined by the crit ical depth at the barrel exit plus the losses
to that point;

the tailwater level, is determined using the methods for the determination of the
rates of flow in open channels;

pipe flow, is given by the equationf

oD2
Q = _

4

2gHt

K e + K o +
1-

+ f - + f
D "+(;l

g. an orifice at the entrance, is given by the equation

e . co e,uoL/z

h. a short tube at the entrance, is gi.ven by the equation

e * cs nnrL/2 ( r -8)

2. Orifice and short tube controlof the flow are ordinarilyundesirable and should be avoid-
ed byploger design. Examples of proper and improper design are given in subsequent
parts of this report series.
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Minimum pressures will ordinarily occur for the discharge where weir control changes 
to pipe control, that is at the minimum discharge for full pipe flow. The pressure in the con­
duit is determined from Eq. 1-14. Except in the vicinity of disturbances, h / h is zero. If n vp 
there are no disturbances in the spillway the pressures can be computed without recourse to 
model studies. If disturbances exist, the pressures in their vicinity must ordinarily be deter­
mined experimentally. Values of h / h for each spillway tested will be given in subsequent n vp 
parts of this report series and reference should be made to them to determine h / h . Harris 

n vp 
[1-231 has shown that h / h can be as low as -1.27. It is therefore important to determine 

n vp 
the minimum values of h to make sure that the pressure is not so close to absolute zero 

p 
that the water will vaporize, cavities form, and subsequently collapse. If the collapse takes 
place next to the wall of the spillway the concrete and the steel may be eaten awa;r and even­
tually the structure may be destroyed. This is the process known as "cavitation. 

SUMMARY 

The theory of closed conduit spillways may be summarized as follows: 

1. The capacity of the spillway. when the control is 

a. a rectangular weir, is given by the equation 

Q .. CLH3/ 2 (I-1) 

or, in the semi-dimensionless form, by the equation 

_Q_ = C ~(H)3/2 
D5/2 D D 

(1-2) 

b. a circular weir, is obtained from experimentally determined curves of the dimen­
sionless head-discharge relationship; 

c. a drop inlet weir, is given by Eqs. 1-1 or 1-2, the proper value of L being deter­
mined from the geometry of the crest and the presence or absence of head walls; 

d. the barrel exit, is determined by the critical depth at the barrel exit plus the losses 
to that point; 

e. the tailwater level, is determined using the methods for the determination of the 
rates of flow in open channels; 

f. pipe flow, is given by the equation 

Q = 

K + K + e 0 
. + f- + f __ r __ _ 1. 1. ~A )2 

D r 4R
r 

Ar 

g. an orifice at the entrance, is given by the equation 

Q • C AH 1/2 
o 0 

h. a short tube at the entrance, is given by the equation 

Q ,. C AH 1/2 
s s 

(1-5) 

(1-7) 

(1-8) 

2. Orifice and short tube control of the flow are ordinarily undesirable and should be avoid­
ed byproper design. Examples of proper and improper design are given in subsequent 
parts of this report series. 
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3. The head and discharge at which the control changes from one point to another can be
determined from the head-discharge curve.

4, The pr:essure head in the conduit for

a. part-full flow is approximately equal'to the depth of flow except near the conduit
entrance;

b. intermediate flow fluctuates between the pressure for part-full f lowand the pres-
sure for full pipe flow (considerable air is sucked through the structure under these
conditions);

c. pipe flow is given by the equation

h
h  =  r  x h  - � z - l n n  ( I - 1 4 )

P 6 v P r
w

SUBJECT INDEX TO BIBLIOGRAPHY
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3. The head and discharge at which the control changes from one point to another can be 
determined from the head-discharge curve. 

4. The Pressure head in the conduit for 

a. part-full flow is approximately equal- to the depth of flow except near the conduit 
entrance; 

b. intermediate flow fluctuates between the pressure for part-full flow and the pres­
sure for full pipe flow (considerable air is sucked through the structure under these 
conditions); 

c. pipe flow is given by the equation 

h n 

hvp 
X h - z - h f - ••• vp 

(I-l4) 

SUBJEC T INDEX TO BIBLIOGRAPHY 

Subject 

Bends 

Closed conduit spillway 

Elbow (see bends) 

Entrance 

Friction factor 

Hydraulic grade line at exit 

Open channel flow 

Orifice 

Pressures 

Short tube 

Vortex 

Weir 

Circular 

Drop inlet 

Rectangular 

Reference Number 

1- 1, 1- 8, 1-25, 1-49 

1- 2, 1- 3, 1- 4, 1- 6, 1- 7, 1- 8, 1- 9, 1-12, 
1-15, 1-16, 1-18, 1-19, I-20, 1-27, 1-28, 1-29, 
1-32, 1-33, 1-39, 1-41, 1-42, 1-45, I-50, I-53, 
I-57 ' 

1- 3,1- 4,1- 8,1-17,1-18,1-21,1-22,1-23, 
1-24, 1-27, 1-28, 1-32, 1-34, 1-35, 1-36, 1-37, 
1-38, 1-43, 1-44, 1-46, 1-47, 1-49, I-50, I-51, 
I-55, I-57 • 

1-14, 1-19, 1-30, 1-31, 1-32, 1-38, 1-42, 1-43, 
1-44, 1-47, 1-49, I-51, I-55 

1-17, 1-19, 1-33, 1-45 

1-44, 1-49, I-54 

1- 9, 1-31, 1-44, 1-49, I-59 

1- 8, 1- 9, 1-27, 1-43, I-57 

1-18 

1- 5, 1- 8, 1-13, 1-17, 1-25, 1-26, 1-27, 1-35, 
1-40, 1-41, I-56, I-57, I-59 

1-49 

1- 6, 1-36, 1-37, 1-42, I-50, I-52, I-58 

1- 9, 1-10, 1-11, 1-42 

1-18, 1-44 
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are similar. Jet forms are not similar. Viscosity plays negligible role. 

Friction factors for 3 -ft, 5-ft and 7 -ft corrugated metal pipe without and with 
simulated paving. 

[1-15] Culp, M. M. "Effect of Spillway Storage on the Design of Upstream Reservoirs." Agri­
cultural Engineering. Vol. 29, No.8, pp. 344-346, August 1948. 

Shows how the required size of spillway depends on the volume of storage in the 
reservoir. 

[1-16] Dodge, E. R. "Verification of Drop-Inlet Hydraulic-Model Studies by Field Tests." 

[1-17] 

[1-18] 

[1-19] 

Civil Enfineerinf' Vol. 11, No.8, pp. 496-497, August 1941. Discussion by F. W. 
Blaisdel, Vol. 1 , No. 11, p. 671, November 1941. . 

Shows that models can be used to predict flow through field-size drop-inlet spill­
ways. 

Flack, J. E. "Improved Culvert Inlet Design." M.S. thesis, State University of Iowa, 
Iowa City, Iowa, August 1954. 

Plots Cd vs. HIB for 5 inlets (B is culvert height), HIB from 0.5 to 3.6, S 

of 0, 1, 4, 8 per cent and several lengths (20B a;;d 40B). Includes pipe friction 
in Cd' Comments on vortices. Splitter anti-vortex wall better than high head-

wall. Gives hydraulic grade line projection to outlet. 

French, John L. "First Progress Report on Hydraulics of Short Pipes, Hydraulic Char­
acteristics of Commonly Used Pipe Entrances." National Bureau of Standards, 
U. S. Department of Commerce, Washington, D. C., unpublished, December 28, 
1955. 

Describes flow characteristics for various types of entrance. Head-discharge 
curves are presented. 

French, John L. "Second Progress Report on Hydraulics of Culverts, Pressure and 
Resistance Characteristics of a Model Pipe Culvert." National Bureau of Stan­
dards, U. S. Department of Commerce, Washington, D. C., unpublished, October 
29, 1956. 

Gives resistance coefficient in zone of flow establishment and zone of established 
flow. Presents data on position of hydraulic grade line at conduit exit for both 
supported and free jets. 

[1-20] Gibson, A. H., Aspey, T. H. and Tattersall, F. "Experiments on Siphon Spillways." . 
Minutes of Proceedin s, Institution of Civil En ineers, Vol. 231, 1930-31, pp. 

Shows effect of Reynolds number on discharge coefficient and that Reynolds num­
ber has to be sufficiently large if discharge coefficient is to be constant . Rather 
complete study of certain siphon types. 

[1-21] Hamilton, J. B. =S.:;;u~;:,r;;e=s:;:.sl:..:· o:..:n=-;o:;:f~P...:;i~.=:;;.;;..:........::;:..:;..;:;..:;;o..;;....;;;.o~~..;;..:..~....;;;;...::..s;~..;;..:....,...;,;o,....;;~;.;..;.;;.;~~ 
Bulletin No.1, University 0 

vember 15, 1929. 
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P.24, Fj.g. 13, entrance loss coefficient for various degrees of rounding of pipe
entrance.

ll-221 Harris, C.W. Elimination of Hydraulic Eddy Current Loss at Intake. Bulletin No. 54,
Univers tober  l ,  1930.

P.18 Table I, and p. 20 Fig. 12, entrance loss coefficient for various degrees
of pipe entrance rounding.

[I-23] Harris, C.W. Hydraulic FIow Characteristics of a Square-Edged Intake. Bulletin No.
61 ,  Un i ve  r ch  15 ,  1932 .

P.14, head Ioss and pressure reduction at a flush, square-edged pipe entrance.

II-241 Harris, C. W. The Influence of Re-entrant Intake Losses. Bulletin No. 48, University
of  Washi  vember 1,  1948.

P.8 Table I, and p. 10 Fig.4, entrance loss coefficient for various thicknesses
of re-entrant pipes.

II-251 Hsu, Hsieh-Ching. I 'Vortex Over Outlet." Unpublished M. S.thesis, University of lowa,
Iowa City, Iowa, June 194?.

Shows how vortex reduces discharge coefficient.

t I -261 Iversen,  H.  W. t ts tudiesof  SubmergenceRequirementsof  High-Speci f ic-Speed Pumps. t '
T. . rs  Vol .  75,  No.  4,  May
ffi'
Vortex formation at pump intakes. Effect of submergence and clearances on air
intake. Indicates Froude law gives qualitative results only for air intake. Dis-
cussers mention that baffl ing helps prevent vortices.

lI-271 Joglekar, D. V., Guha, S. K. and Luthra, S. D. L. "High Head Siphons, Their Behavior
and Characteristics.rt Proceedings of the Sixth General Meeting, International
Association for Hydrau

Similarity of model and prototype for discharge and pressure obtained only for
non-cavitating conditions. Prototype priming depth less than for model. High
frequency vibrations eliminated by suppressing vortices. c

[I-28] Karr, M. H. and Clayton, L. A. lVlodel Studies of Irfut D""ign" for Pip. Culverts on
Sleep .Grades. Bulletin No
neering@riment Station, June 1954, 34 pp.

Tests on flush and re-entrant inlets. Extended top causes culverts to flow full
on steep s lopes.

[I-29] Kessler, L. H. Experimental Investigation of the Hydraulics of Drop Inlets and Spll l-
ryqyq for

.

Gives results of experiments.

[I-30] Keulegan, G. H. Theory of Flow Th Short Tubes with Smooth and Cor
Surfaces rances. way t iesearch l joarct l tesearc

port  6- e Drainage ways, ational Research Council, Washing-
ton ,  D .  C . ,  pp .  9 -16 ,  1948 .

Discusses entrance loss, boundary layer friction loss, and pipe friction loss.

[I-31] King, H. W. Handbook of Hydraulics (Second Edition). New York: McGraw-Hill Book
Compaffi

Pp.  42-80,  or i f ices and shor t  tubes;  pp.  81-169,  weirs ;  and pp.  170-25I ,  p ipes.

[ I -32]  Larson,  C.  L.  and Morr is ,H.M. Hydraul ics of  F low in Culver ts .Univers i tyof  Minne-
so ta ,S t .An thonyFa i t snya " � .No .6 ,oc tbbe r1948 .

An analysis of the literature concerning the hydraulics of flow in culverts plus
a very complete, annotated bibliography and abstracts of the more important
papers.
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P.24, Fig. 13, entrance loss coefficient for various degrees of rounding of pipe 
entrance. 

[1-22] Harris, C. W. Elimination of Hydraulic Eddy Current Loss at Intake. Bulletin No. 54, 
University of Washington, Engineering Experiment Station, October 1, 1930. 

P.18 Table I, and p. 20 Fig. 12, entrance loss coefficient for various degrees 
of pipe entrance rounding. 

[1-23] Harris, C. W. H draulic Flow Characteristics of a S uare-Ed ed Intake. Bulletin No. 
61, UniversIty 0 ashmgton, ngineermg xperiment tation, March 15, 1932. 

P. 14, head loss and pressure reduction at a flush, square-edged pipe entrance. 

[1-241 Harris, C. W. The Influence of Re-entrant Intake Losses. Bulletin No. 48, University 
of Washington, Engineering Experiment Station, November 1, 1948. 

P.8 Table I, and p. 10 Fig. 4, entrance loss coefficient for various thicknesses 
of re-entrant pipes . 

[1-25] Hsu, Hsieh-Ching. "Vortex Over Outlet." Unpublished M. S. thesis, University of Iowa, 
Iowa City, Iowa, June 1947. 

Shows how vortex reduces discharge coefficient. 

[1-26] Iversen, H. W. "Studie s of Submergence Requirements of High-Specific -Speed Pumps." 
Transactions, American Society of Mechanical Engineers, Vol. 75, No.4, May 
1953, pp. 635-641. 

Vortex formation at pump intakes. Effect of submergence and clearances on air 
intake. Indicates Froude law gives qualitative results only for air intake. Dis­
cussers mention that baffling helps prevent vortices. 

[1-27] Joglekar, D. V., Guha, S. K. and Luthra, S. D. L. "High Head Siphons, Their Behavior 
and Characteristic s." Proceedings of the Sixth General Meeting, International 
Association for Hydraulic Research, The Hague, Vol. 3, pp. C2-1-C2-10, 1955. 

Similarity of model and prototype for discharge and pressure obtained only for 
non-cavitating conditions. Prototype priming depth less than for model. High 
frequency vibrations eliminated by suppressing vortices. .. 

[1-28] Karr, M. H. and Clayton, L. A. Model Studies of Inlet Desi 
Steep Grades. Bulletin No.3, regon State 0 lege, 
neering Experiment Station, June 1954, 34 pp. 

[1-29] 

[1-30J 

Tests on flush and re-entrant inlets. Extended top causes culverts to flow full 
on steep slopes. 

isconsin, 

Gives results of experiments. 

Keulegan, G. H. Theory of Flow Through Short Tubes with Smooth and Corrugated 
Surfaces and with Square-Edged Entrances. Highway Research Board Research 
Report 6-B, Surface Drainage of HIghways, National Research Council, Washing­
ton, D. C., pp. 9-16, 1948. 

Discusses entrance loss, boundary layer friction loss, and pipe friction loss. 

[1-31] King, H. W. Handbook of Hydraulics (Second Edition). New York: McGraw-Hill Book 
Company, Inc., 1929. 

Pp. 42-80, orifices and short tubes; pp. 81-169, weirs; and pp. 170-251, pipes. 

[1-32] Larson, C. L. and Morris, H. M. Hydraulics of Flow in Culverts. UniversityofMinne­
sota, St. Anthony Falls Hydraulic Laboratory Project Report No.6, October 1948. 

An analysis of the literature concerning the hydraulics of flow in culverts plus 
a very complete, annotated bibliography and abstracts of the more important 
papers. 
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tI-331 Li, Wen-Hsiung..and Patterson, Calvin C. "Free Outlets and Self-priming Action of
Culverts." Proceedings of the American So"i"ty of Citi l  Etgit. No. HY3,
Vo I .82 ,  Jun

Describes how closed conduit spil lways prime. Presents curve showing position
of hydraulic grade line at conduit exit.

tI-341 Luecker, A. R. "The Hydraulics of Culverts." Unpublished M. S. thesis, University
of Iowa, Iowa City, Iowa, January 1939.

Gives entrance loss coefficients for rounded and square-edged pipe entrances.

tI-351 Maksoud, Henry. 'rEffect of Inlet Design on Square Culvert Flow." Unpublished M. S.
thesi.s, State University of Iowa, Iowa City, Iowa, February 1954, 48 pp.

Slopes of 0 and I per cent, lengths of 8, 16, and 36 diameters. Nine inlets. 6 in.
by 6 in. culvert. Starts to flow full at H/D = 1.2. Describes vortex formation
and effect on rating curve.

[I-361 Manohar, Madhav. "Entrance Effects of Part-Ful1 Flow in a Model Culvert Pipe.r'
Unpublished M. S. thesis, University of Minnesota, Minneapolis, Minnesota, JuIy
1  9 5 2 .

Gives theory and exper imenta l  resul ts .  P.  61 Fig.  21,  H/D
square-edged p ipe entrance act ing as weir  and or i f ice.  P.83,

R / '

Q/D"' '  for rounded pipe entrance acting as weir and pipe.

[I-37] Mavis, F. T. The Hydraulics of Culverts. Bulletin No. 56, The Pennsylvania State
Co1 lege ,@at ion ,S ta teCo11ege ,Pennsy1van ia ,1943 .

Gives results of tests on culverts with slopes steeper than hydraulic grade line
for partly full and full f low, submerged and free outlets.

[I-38] Peckworth, 11. r: g9"Slglg_Elp. Hb.ndbook. American Concrete Pipe Association, 228
North LaSa@nois,  19b1.

Chapter 10, entrance and friction coefficients forconereteand corrugated metal
p ipe.

[I-39] Peterka, Alvin J. I 'Morning-Glory Shaft Spil lwaye; Perfmmance Tests on prototype and
ModeJ.." Transactions, American Society of Civil Engineers, Vot. 12I, 19b6, p. 3lt.
Model and p-rototype results on Heart Butte, N. D., spillway designed for sub-
mergence of inlet.

[I-40] Posey, C. J. and Hsu, Hsieh-Ching. rrHow the Vortex Affects Orif ice Discharge.t ' En-
gineer ing News-Record,  p.  30,  March g,  19b0.

Shows very great reductio4 in orif ice discharge caused by vortices.

[I-41 I Rahm, Lennart. t 'Flow Problems with Respect to Intakes and Tunnels of Swedish Hydro-
Electric Power Plants.tr Transactions of the Royal Institute of Technoloov.
Stockholm, Sweden, Nr 71,

Pp. 71-102. Describes four types of f low observed in vertical overflow pipes.
Pictures show vortices. Presents head-discharge curves for various types of
flow.

Pp. 103-117. Describes flow down avertical shaft into a diversion tunnel. Vorti-
ces caused large reduction in discharges

U-421 Ree, [. O. Hydraulic Tests of a Pipe Outlet Spillway_. U. S. Department of Agriculture,
Agricu or iyai"uri" i.u"r"ib"y, Still-
water, Oklahoma, unpublished, February 1gb4.
Reeults of tests on spil lway using six entrance forms. Gives frjction loss co-
efficients, elbow loss coefficients-, etc,

[I-431 Rouse,-I-Ig5rter. Elementary Mechanics of Fluids. New York: John Wileyg Sons, Inc.,
1  946 .

, t .  @/p5/,2 fo,
F i g .  3 1 ,  H / D  v s .

section_17, pp.80-85, dimensionless_ p,ressure representation; p. 2L!, Fig. 111,
Darcy-\{eisbach friction factor; p. 2b8, conduit iniets.
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[1-33] Li, Wen-Hsiung and Patterson, Calvin C. "Free Outlets and Self-priming Action of 
Culverts." Proceedin s of the American Societ of Civil En ineers, No. HY3, 
Vol. 82, June 
Describes how closed conduit spillways prime. Presents curve showing position 
of hydraulic grade line at conduit exit. 

[1-34] Luecker, A. R. "The Hydraulics of Culverts." Unpublished M. S. thesis, University 
of Iowa, Iowa City, Iowa, January 1939. 

[1-35] 

[1-36] 

Gives entrance loss coefficients for rounded and square-edged pipe entrances. 

Maksoud, Henry. "Effect of Inlet Design on Square Culvert Flow." Unpublished M. S. 
thesis, State University of Iowa, Iowa City, Iowa, February 1954, 48 pp. 

Slopes of 0 and 8 per cent, lengths of 8, 16, and 36 diameters. Nine inlets. 6 in. 
by 6 in. culvert. Starts to flow full at H/ D = 1.2. Describes vortex formation 
and effect on rating curve. 

Manohar Madhav. "Entrance Effects of Part-Full Flow in a Model Culvert Pipe." 
Un'published M. S. thesis, University of Minnesota, Minneapolis, Minnesota, July 
1952. 
Gives theory and experimental results. P. 61 Fig . 21, H/ D v,s. 
square-edged pipe entrance acting as weir and orifice . P . 83, Fig. 

Q/ D5/ 2 for rounded pipe entrance acting as weir and pipe. 

Q/D5/ 2 

31, H/ D 
for 
vs. 

[1-37] Mavis, F. T. The HydrauliCS of Culverts. Bulletin No. 56, The Pennsylvania State 
College, Engineering Experiment Station, State College, Pennsylvania, 1943. 

Gives results of tests on culverts with slopes steeper than hydraulic grade line 
for partly full and full flow, submerged and free outlets. ' 

[1-38] Peckworth, H. F. Concrete Pipe Handbook. American Concrete Pipe Association, 228 
North LaSalle Street, Chicago 1, Illinois, 1951. 

Chapter 10, entrance and friction coefficients for concrete and corrugated metal 
pipe. 

[1-39] Peterka, Alvin J. "Morning-Glory Shaft Spillways: Perfo<rmance Tests on Prototype and 
Model," Transactions, American Society of Civil Engineers, Vol. 121,1956, p. 311. 

Model and prototype results on Heart Butte, N. D., spillway designed for sub­
mergence of inlet. 

[1-40] Posey, C. J. and Hsu, Hsieh-Ching. "How the Vortex Affects Orifice Discharge." En-
gineering News-Record, p. 30, March 9, 1950. --

Shows very great reductio!;). in orifice discharge caused by vortices. 

[1-41] Rahm, Lennart. "Flow Problems with Respect to Intakes and Tunnels of Swedish Hydro­
Electric Power Plants." Transactions of the Royal Institute of Technology, 
Stockholm, Sweden, Nr 71, 1953. 

[1-42] Ree, 

Pp. 71-102. Describes four types of flow observed in vertical overflow pipes. 
Pictures show vortices. Presents head-discharge curves for various types of 
flow. 

Pp. 103 -117. Describes flow down a vertical shaft into a diversion tunnel. Vorti­
ces caused large reduction in discharges. 

Results of tests on spillway using six entrance forms . Gives friction loss co­
effiCients, elbow loss coefficients, etc. 

[1-43] Rouse, Hunter. Elementary Mechanics of Fluids. New York: John Wiley 4t Sons, Inc., 
1946. 

Section 17, pp. 80-85, dimensionless pressure representation; p. 211, Fig. 111, 
Darcy-Weisbach friction factor; p. 258, conduit inlets. 
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II-441 Rouse, Hunter. Engineering Hydraulice. New York: John Wiley & Sons, Inc., 1g50.
Pp. 32-35, orif ices; pp.2L2-2t9, 528-533, weirs; p. 414, conduit entrances; p.
405, Darcy-Weisbach friction factor; pp.589-634, graduallyvaried channel f lo*.

[I-45] Rueda-Bricefro, Daniel. t 'Pressure conditions at the ouilet of a pipe.tt M.
State University of lowa, Iowa City, Iowa, February 1gb4.

Gives point at which hydraulic grade line pierces outlet as a function
number.

S. thesis,

of Froude

[I-46] Shoemaker, R. II., Jr, and Cla;rton, L. A. "Model Studies of Tapered Inlete for Box
culver ts . "  Highway Research Board,  Research Report  1b-8,  1953,  pp.  1-b2.
Tapered inlet causes culvert on steep grade to flow full. Significant saving in
material results. Existing theory is adequate for design of culverts on steep
grades.

[I-47] Smith, C. D. "A. Hydraulic Design of Conduit Inlets B. Head Losses in Conduit Gate-
wells C. Friction Losses in Conduits.tt Design Bulletin No. 3, Hydraulics Sec-
tion, Engineering Services Branch, Prairie FarmRehabil itationAdministration,
Department of Agriculture, Regina, Saskatchewan, Canada, August 1954.
Tests on re-entrant thin and thiek culvert inlets and various headwall forms.
Vortex that does not entrai.n air does not reduce discharge. Recommends 45-
degree bevel I.2D in diameter plus entrance and cover.

[I-48] Smith, Peter M. "Varj.ations of the Kinetic Energy Coefficient at the Outlet of Square
Culverts.tr M. S. thesis, State Universityif lowa, Iowa City, Iowa, February
1  9 5 6 .

3  i n .  by  3 in .  and  6  i n .by  6  i n .  mode ls .  Used  two  roughnesses ,  L /A .10 ,20 ,80 .
Well-roundedentrance. Sectionis 1D upstreamfrom outlet and hydrostatic pres-
sure is obtained there. For established turbulence and L/B= 20, d is between
1.04 and 1.06, averaging 1.048. Got good agreement with d = 1.005 + 2,5f., f is
friction factor; B is culvert height.

[I-491 SoiL Conse_lvation Service, U. S. Depart-ry:lt of Agriculture. "Hydraulics.rr Engineer-
ing Handbook, Section 5, March 1951.

Contains sections on weir flow, orifice flow, pipe flow, and open channel flow.

[i-501 Straub, L. G., Anderson, A. G. and Bowers, C. E. Importance of Inlet Design on Cul-
vert Cg!!y, University of Minnesota, St.
TAcffic=l-Eber No. 13, Series B, January 1953. Also publ-ished: Highway Re--
search Board,  Research Report  1b-B,  1gbg,  pp.  53-?1,

Shows effect of square-edged and rounded entrances on the capacity of short
culverts, and on the capacity of long culverts on mild and steep slopes.

[I-511 Straub, L. G. and Morris, H. M. Hydraulic Data Comparj.son of Concrete and Corru-
Fated 4etal gulvert Piles.
Laboratory Technical  Paper No.  3,  Ser ies B,  JuIy 19b0.
Friction factors for smooth concrete pipe and galvani.zed uncoated corrugated
metal pipe and entrance loss coefficient.

II-521 Wagner, W. E. 'rMorning-Glory Shaft Spil lways: Determinationof Pressure-Controlled
Prof i les."  Transact ions,  Amer ican Society of  Civ i l  Engineers,  VoI .  121,  19b6,
p .  3 1 1 .

Profi les of nappes from circular sharp-edged weir with and without partial
vacuum.

[I-53] Weeber, Richard P. "Results of Field Tests on Inclined Pipes as Used in Earth Dam
Construction.tt It. S. Department of Agriculture, Soil bonservation Seryice, Ed-
wardsvil le, I l l inois, unpublished, March 30, 1940.
Field tests of 14-in. steel pipe laid on 18 per cent slope and 8-in. vitrif ied, clay
ti le pipe laid on I0 per cent slope. Both pipes flowed iompletely full.
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[1-44] Rouse, Hunter. Engineering Hydraulics. New York: John Wiley &. Seins, Inc ., 1950 . 

Pp. 32-35, orifices; pp. 212 - 219, 528-533, weirs; p . 414, conduit entrances; p. 
405, Darcy-Weisbach friction factor; pp. 589-634, gradually varied channel flow. 

[1-45) Rueda-Briceno, Daniel. "Pressure Conditions at the Outlet of a Pipe." M. S. thesis, 
State University of Iowa, Iowa City, Iowa, February 1954. 

Gives point at which hydraulic grade line pierces outlet as a function of Froude 
number. 

[1-46) Shoemaker, R. H., Jr. and Clayton, L. A. "Model Studies of Tapered Inlets for Box 
Culverts." Highway Research Board, Research Report 15-B, 1953, pp. 1-52. 

[1-47] 

Tapered inlet causes culvert on steep grade to flow full . Significant saving in 
material results. Existing theory is adequate for design of culverts on steep 
grades. 

Smith, C. D. "A. Hydraulic Design of Conduit Inlets B. Head Losses in Conduit Gate­
wells C. Friction Losses in Conduits." Design Bulletin No.3, Hydraulics Sec­
tion, Engineering Services Branch, Prairie Farm Rehabilitation Administration, 
Department of Agriculture, Regina, Saskatchewan, Canada, August 1954. 

Tests on re-entrant thin and thick culvert inlets and various headwall forms. 
Vortex that does not entrain air does not reduce discharge. Recommends 45-
degree bevel 1. 2D in diameter plus entrance and cover. 

[1-48] Smith, Peter M. "Variations of the Kinetic Energy Coefficient at the Outlet of Square 
Culverts." M. S. thesis, State University of Iowa, Iowa City, Iowa, February 
1956. 

3 in. by 3 in. and 6 in. by 6 in. models. Used two roughnesses, L I B" 10,20,30 . 
Well-rounded entrance. Section is 1D upstream from outlet and hydrostatic pres­
sure is obtained there. For established turbulence and L I B i: 20, a is between 
1.04 and 1.06, averaging 1.048. Got good agreement with a:: 1.005 + 2.5f. f is 
friction factor; B is culvert height. 

[1-49] Soil Conservation Service, U. S. Department of Agriculture. "Hydraulics." Engineer­
ing Handbook, Section 5, March 1951. 

[I-50] 

[I-51] 

Contains sections on weir flow, orifice flow, pipe flow, and open channel flow. 

Straub, L. G., Anderson, A. G. and Bowers, C. E. Importance of Inlet Design on Cul­
vert Capacity, University of Minnesota, St. Anthony Falls Hydraulic Laboratory 
Technical PaperNo. 13, Series B, January 1953. Also published: Highway Re­
search Board, Research Report 15-B, 1953, pp . 53-71 . 

Shows effect of square-edged and rounded entrances on the capacity of short 
culverts, and on the capacity of long culverts on mild and steep slopes. 

Friction factors for smooth concrete pipe and galvanized uncoated corrugated 
metal pipe and entrance loss coefficient. 

[I-52] Wagner, W. E. "Morning-Glory Shaft Spillways: Determination of Pressure-Controlled 
Profiles." Transactions, American Society of Civil Engineers, Vol. 121, 1956, 
p. 311. 

Profiles of nappes from circular sharp-edged weir with and without partial 
vacuum. 

[I-53] Weeber, Richard P. "Results of Field Tests on Inclined Pipes as Used in Earth Dam 
Construction." U. S. Department of Agriculture, Soil Conservation Service, Ed­
wardsville, Illinois, unpublished, March 30, 1940. 

Field tests of 14-in. steel pipe laid on 18 per cent slope and 8-in. vitrified, clay 
tile pipe laid on 10 per cent slope. Both pipes flowed completely full. 
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[I-54] Woodward, S. S. gta tgg-uy, C. J. The Hydraulics of Steady Flow in Open Channels.
New York: John Wiley&Sons, In%T9-4T.

P. 42, hydraulic properties of circul.ar sections flowing partly full.

[I-55] Yarnell, D. L., Nagler, F. A. and Woodward, S. M. The Flow of Water

[I-56] Long, Robert
Hopkins

Cul-
verts. Bulletin 1, University of Iowa, Iowa CittJ6TtTu-iE

Experimental Study of concrete, vitrified clay and corrugated metal pipes and
concrete box culverts. Gives entrance loss coefficient and Chezy, Kutter, and
Manning friction coefficient s.

R. Vortex Motio,n in a Viscous Fluid. Technical Report No. 9, Johns
Univ

Mathematical treatment shows verticalveloeityin a vortex is of the same order
of magnitude as the circumferential velocity and is much lees than the radial
velocity.

[I-57] Rao, N. S. Govinda. "Design of Siphons.rr Irrigation and Power Journal (India). Vol. XI,
N o . 4 , o c t o b e r 1 9 5 4 ; V o 1 . X I I , N o . - r ] f f i . 2 , A p r i I 1 9 5 5 ;
Vo l .  X I I ,  No .3 ,  Ju I y  1955 ;  Vo l .  X I I ,  No .4 ,  Oc tobe r  1955 .

Acomprehensive discussionof varioustypes of saddle and volute siphons. Siphon
design procedures, performance of and pressures in both model and protot;pe
siphons, and field experiences with siphons are discussed.

[I-58] Stevens, J. C. "Flow 
ltrry_uq! Circular Weirs.r' Proceedings, American Sociely 9f Civil

Engineers, VoI. 83, No. HY6, December@

Develops ell iptic formula for f low through circular'weirs and presents a table
to facil i tate solution of the formula.

[I-59] Stevens, J.C. and Kolf, Richard C. t 'Vortex Flow Through Horizontal Orif ices.tr Pro-
ceedings, American Society of Civil Engineers, Vol. g3, No. 546, DecefrTF
fEEEfapei-IZo-Il-
Theoretical and experimental. Gives discharge coefficient for orif ices having
various degrees of vorticity. Most of the obServed vortices reduce the orif ice
capacity from 13 per cent to 73 per cent below the capacity when no vortex is
present .  .
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[I-54] Woodward, S. M. and Posey, C. J. The H~draulics of Steady Flow in Open Channel s. 
New York: John Wiley8tSons, Inc. , 1 41. 

[I-55] 

P. 42, hydraulic propertie s of circular sections flowing partly full. 

Yarnell, D. L., Nagler, F. A. and Woodward, S. M. The Flow of Water Through Cul­
verts. Bulletin 1, University of Iowa, Iowa City, Iowa, June 1926 . 

Experimental Study of concrete, vitrified clay and corrugated metal pipes and 
concrete box culverts. Gives entrance loss coefficient and Chezy, Kutter, and 
Manning friction coefficients. 

[I-56] Long, Robert R. Vortex Motion in a Viscous Fluid. Technical Report No . 9, Johns 
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