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flow condition can be described as free surface outlet
 

control. Only an approximate solution for determining dis­

charge has been available for this situation.
 

A 12 inch diameter corrugated metal pipe has been
 

used in the laboratory to test the validity of the submerged
 

flow analysis employed with flow measuring flumes and weirs
 

in describing free surface outlet control in culverts.
 

Various slopes and culvert lengths were studied.
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verts can be used as flow measurement structures in irriga­

tion systems.
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',CHAPTER I
 

INTRODUCTION
 

Background
 

Water measuring devices have'been very important in
 

irrigation systems for yearst Nowadays, increased emphasis
 

on water resource development to support rapidly increasing
 

population, with consequent expanding water demands by mu­

nicipalities, industry and agriculture has rendered the op­

timum use of water resources extremely important. There is
 

no doubt that water measuring devices will play an even
 

greater role in the near future for the allocation and dis­

tribution of water supplies. Water measuring devices are
 

important for successful business-like management, meeting
 

legal obligations, water conservation, and insuring an eq­

uitable distribution of water.
 

There are many types of both open channel and closed
 

conduit water measuring devices available. Culverts can
 

serve as a combination open channel and closed conduit flow
 

measurement structure, depending upon the type of flow con­

dition in the culvert.
 

The advantages of having culverts as flow measuring
 

devices are:
 

1. 	Sufficient accuracy over a rather wide range of
 

discharges is obtainable in most cases;
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2. 	A sturdy structure that can be constructed of
 

steel, concrete or masonry;
 

3. 	The smaller sizes (diameter and/or length),of
 

metal culverts are suitable as portable structures;
 

4. 	Ease of installation;
 

5. 	Easy to operate and maintain; and
 

6. There are no silting problems due to the increased
 

velocity in culverts, thereby allowing the trans­

portation of suspended and bed load material
 

through the structure.
 

Problem
 

Most of the research involving the hydraulics of cul­

verts has been concerned with the use of such structures
 

under highways. Most frequently, a highway culvert is de­

signed to operate with full flow (closed conduit) at the
 

design discharge. 
Much of this research has been concerned
 

with inlet control and submerged outlet control.
 

Numerous culverts are found in irrigation conveyance
 

and distribution systems, as well as in farm head ditches
 

and at points of tailwater runoff from croplands. Culverts
 

are commonly placed through canal banks to divert water in­

to laterals, with a headgate placed at the culvert inlet to
 

control the quantity of flow delivered to the lateral.
 

Rather than constructing small bridges, culverts are fre­

quently placed in the conveyance channel, with an earth
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embankment placed over the culvert, to allow vehicles such
 

as farm machinery to cross the channel.
 

For culverts placed in anirrigation conveyance channel
 

usually free surface (open channel) flow occurs'in'the cul­

vert.: In addition, downstream conditions will likely con­

tiol the depth of flow in the culvert. For this particular
 

condition of free surface subcritical culvert flow, only an
 

approximate solution is presently available for determining
 

the discharge.
 

If accurate discharge ratings could be developed for
 

free surface subcritical culvert flow, then the culverts
 

found in irrigation systems could be used as a flow measure­

ment structure. Also, small culverts could be used as a
 

portable flow measuring device, which could be easily in­

stalled while water was flowing in the channel. If the
 

ratings included the effect of barrel slope., then the cul­

vert would not have to be perfectly horizontal, like most
 

flow measuring flumes, in order to obtain accurate discharge
 

measurements.
 

Purpose
 

A culvert is usually a constriction to the flow. Cul­

verts placed in irrigation conveyance channels are open chan­

nel constrictions. Since only an approximate solution is
 

presently available for determining the discharge under free
 

surface subcritical culvert flow, the possibility of utili­

zing the submerged flow analysis recently developed for
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flow measuring flumes and weirs to provide an accurate dis­

charge equation will be investigated. If the submerged flow
 

iaualysis can be applied to this special problem, the tran­

sition from inlet control to free surface subcritical cul­

vert flow can be described. Then, a method for describing
 

the transition from free surface subcritical culvert floW? 

to submerged outlet control will be explored. 

Scope
 

A single diameter (12-inch) corrugated metal pipe will 

be.used to test the validity of the submerged flow analysis 

in describing free surface subcritical culvert flow. Three 

lengths of culvert will be used; namely 5 feet, 10 feet, and 

20 feet. A number of culvert barrel slopes (sloping down­

ward in the direction of flow) will be used in the experi­

mental program. Three flow conditions will be investigated, 

which are inlet control, free surface subcritical flow, and 

submerged outlet control. A range of discharges will be 

used in the testing program. A single culvert inlet geome­

try will be used, which will be a square-edged entrance with 

a flush headwall. 



/CHAPTER II : ' 

HYDRAULICS O, ,CULVERTS
 

The classification of the hydraulic performance of cul­

verts can take several forms. Three primary groupings will
 

be used to describe the hydraulics of culverts. The primary
 

groups are based on the three parts of the culvert that ex­

ert primary control on the culvert Oerformance and its ca­

pacity: the inlet, the barrel, and the outlet.
 

-Usually, one of the primary controls determine the per­

formance and capacity of the culvert. An example of this
 

is a projecting, square-edged inlet with the barrel on a
 

steep slope and flowing partly full. If the inlet is not
 

submerged, the upstream water level (headwater) is deter­

mined by the inlet characteristics alone. At other times,
 

two or even all three primary controls can simultaneously
 

affect the performance and capacity. For example, if the
 

inlet and outlet are submerged and the barrel is full, then
 

the elevation of the headwater is determined by adding the
 

outlet losses, the barrel friction losses, and the inlet
 

losses to the tailwater elevation.
 

The classification is further subdivided under each
 

main group, as shown in Table 1 (3). The classification is
 

presented to indicate the number of items the designer must
 



Table 1. Classification of culvert hydraulic controls (3)..
 

i. 	Inlet
 
A. 	Unsubmerged
 

1. 	Weir
 
2. 	Surface profile
 

B. 	Submerged
 
1. 	Orifice
 
2. 	Vortex
 
3. 	Full
 

II. 	7Barrel
 
A. 	Length
 

1. 	Short
 
2. Long
 

SB. Slope
 
1. 	Mild
 

i. 	Barrel slope less than critical slope
 
a. 	Part full, normal depth greater than
 

critical depth

b. 	Full, not applicable
 

ii. Barrel slope less than friction slope
 
a. 	Part full, depth increases along barrel
 
b. 	Full, barrel under pressure
 

2. 	Steep
 
- i. 	Barrel slope steeper than critical slope
 

a. 	Part full, normal depth less than criti­
cal depth
 

b. 	Full, not applicable

ii. Barrel slope steeper than friction slope
 

a. 	Part full, depth decreases along barrel
 
(increases if the inlet causes the depth

inside the inlet to be less than the
 
normal depth)


b. Full, barrel under suction
 
C. 	Flow*
 

1. Part full
 
S2. Slug and mixture
 
3. 	Full
 

III. Outlet
 
A. 	Part full
 
* 	 1, Critical depth


2. 	Tailwater
 
B. 	Full
 

1. 	Free
 
'42-Submerged
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consider when determining the performance of.a.culvert and 

omputing its capacity..­

.Only those items ,that exert a control on, the hydraulic 

performance of a culvert are listed inTable 1. Many alter. 

natives are possible for each control. For example, each 

.type of inlet will have a different effect on the culvert 

performance, and each effect must be evaluated. 

Many of the items listed in Table 1 are interrelated,
 

which further complicates an already difficult problem. Foi
 

instance, the depth of flow just inside the culvert entrancc
 

depends on the inlet geometry. If this depth is less than
 

the normal depth of flow, a water surface profile must be
 

computed beginning with the contracted depth of flow to de­

termine the flow depth at the culvert outlet. If the com­

puted outlet depth exceeds the barrel height, the culvert iE
 

hydraulically long, the barrel will fill, and the control
 

will be the inlet, the barrel, and the outlet. If the com­

puted depth at the outlet is less than the barrel height,
 

the barrel is only part full and the culvert is considered
 

hydraulically short, will not fill, and the control will re­

main at the inlet. Whether a culvert is hydraulically long
 

or hydraulically short depends on such items as the culvert
 

slope and the culvert material. In fact, just changing fron
 

corrugated pipe to concrete pipe can change the hydraulic
 

length of aculvert from long to short. A similar effect
 

could result from a change in the inlet geometry.
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The determination'of Culvert performance is not"a 

simple problem. If the culvert is on a steep slope, a 're­

entrant, :sharp-edged'inlet will produce part-full flow in 

the barrel until the headwater leVel reaches some indeter­

inate high level. A flush, square-edged entrance wil1 act 

similarly, but the barrel will fill at some lower head.- 'A 

well-rounded inlet will cause the barrel to fill at a low' 

submergence of the inlet crown. These performance'charac­

teristics of inlets are evaluated by experiment.
 
-
 Flow in culverts is also controlled by the hydraulic 

°
capacity of one section of the installation. The'dischairge 

is either controlled at the culvert'-eintrance or at the out­

let 'and is designated inlet control and outlet control-,'-re­

spectively. In general, inlet control will exist as 'long 

as"the ability of the culvert pipeto carry 'the flow exceeds 

the 'ability of'water to enter the culvert through the inlet. 

Outlek control will exist when the ability of the pipe­

barrel to carry water away from the entrance is less tlan 

the. flow that can 'enter the-inlet. The location of thecon­

trolsection will shift as the relative capacities of .the 

enitrance 'and:bArrel sections change ;with increasing or 'dd­

creasing 'dischairge.' 
- ' The iprobable type of flow wder which*a culvert 'will 

operate 'for 'gaiiven"'set of conditions-'can be 'determifnd"by 

nivolved hydraulic'c6mputtiois "The nied'for makingi these
 

:omputati6ns z:ha'be avoided, !however-i by'using published
 

aomographs (1, 9, 10, 20) to compute headwater depths for
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both'inlet control and outlet control and then using the
 

.higher.value to indicate the type• of control and to deter­

mine the headwater depth. This method of .determining the
 

type of control is .acdurate except for a few cases.where,.. 

the headwater is approximately the same for both types .of' 

control., The nomographs-for outlet control include the ef­

fec'tS of the culvert.barrel..
 

Inlet Control
 

Inlet control means tnat -ne wtscnarge capacity or a.
 
culvert is controlld at the culvert entrance by the depth
 

of headwater, HW- and the entrance geometry, including the
 

barrel.shape and cross-sectional area and the type of inlet 

edge. Inlet. cdntrol "flow* for -both unsubmerged 'and submergei 

projecting entrances are shown in Figs. 1(a) and l(b). A
 

submerged mitered entrance with inlet Control.is shown..in.. 

Fig. 1(c). With inlet control, the roughness and length of
 

the culvert barrel,'as well as outlet conditions..(±ficluding
 

dept'hof..ta'ilwater) are not factors in determining culvert
 

capacity. An increase in barrel .slope reduces headwater to
 

a small degree and any correction for slope can be neglecte
 

for conventional or commonly used culverts flowing with in­

let control (20).
 

In all culvert design, headwater or depth of ponding 

at the.entrance to a culvert is an important factor in cul­

vert capacity. The headwater-depth (or headwater, HW) is
 

the vertical distance from the culvert invert at the
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(a). 	 Projecting entrance with unsubmerged 
(free urface ) inlet. 

(b) 	 Prolectina entron' ,ith ,,tI-rged inlet. 

" ' "-	 - - - -:----.---­

(C) Mitered "- with submrnnd Inlet. 

Inlet control flow conditions.
rigure, .
 



entrance to the energy line .of the headwater pool (depth 

and velocity head). Because of thelow velocities in the. 

most entrance pools, the water surface and, the energy line 

at the entrance are assumed to be coincident. For the pur­

poses of measuring headwater,-the culvert invert at the en­

trance is the low point in the culvert opening at the begin­

ning of the full cross-section of the culvert barrel. 

Headwater-discharge relationships for the various types
 

of circular and pipe-arch culverts flowing with inlet con­

trol are based on laboratory researqh using models and veri­

fied for some entrances by prototype tests. Based upon the 

research data, nomographs for determining culvert capacity
 

for inlet control have been developed (1,9, 10, 20). These
 

nomographs -give headwater-discharge relationships for most
 

conventional culverts flowing with inlet control through a
 

range of headwater depths and discharges.
 

For free surface inlet control flow, the following equa­

tion has been used in preparing nomographs. 

' Hc
 
DH+10.S 0 + D
-D 

where HW = headwater depth, in ft. 

So = barrel slope, ft. per ft. 

H = specific energy, in ft. 

H = head increment, in ft. 

D = culvert diameter, in ft. 

The aboVe relationship 'is Valid until a limiting upper 

value of He' corresponding to a discharge factor of about 
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3.25,1: is reached... This value-has been"experimentally deter­
minedand is given . in Table 2 (e.g.', the discharge factor
 
is 4.00- for a 
thin edge projecting entrance). The empirical
 
!relationship between the head increment, He
 , and the dis­

,charge factor, Q/D5/, is given-by the'equation: 

H /D = k(l.273Q/D5/2)m .............. 
 (2) 

The values of k and m have been experimentally determined
 

and ,are given in Table 2 for a number of entrance shapes.
 
With the entrance submerged, the operating character­

istics.of pipe culverts flowing with inlet control are de­

fined by the equation:
 

HW + 0.5So h, + k 
DD 
 k1 ( j 

This equation is valid for values of the discharge factor,
 
Q/D5/2, exceeding an experimentally determined minimum given
 
in Table 2. 
The factor k, and the quantity h1/D are also
 

empirical and are given in Table 2.
 

..The instructions for using the inlet control nomographs
 

such as Fig. 2 are given below:
 

1. To determine headwater (HW),, given Q, and size and 

type of culvert
 

a. 
Connect with a straightedge the given culvert
 

diameter or height (D) and the discharge Q, or
 
Q/B for box culverts; mark intersection of
 

straightedge on HW/D scale marked (1)
 

http:istics.of


Table 2. Inlet control performance coefficients.
 

Entrance Shape Submerged inlet Nonsubmerged inlet
flow- -flow .
 

h1 /D ki Q/D5/2 k m H/D­
e
 

With headwall
 
Groove edge, .05 D x .07 D 0.74 0.0468 3.30 0.0018 2.50 0.035
 
Rounded edge, .15 D radius 0.74 0.0419 2.58 0.00065 2.67 0.016
 
Square edge 0.67 0.0645 2.58 0.0098 2.00 0.135
 

Headwall and 450 wingwalls
 
Groove edge, .05 D x .07 D 0.73 0.0472 3.00 0.0018 - 2.50 0.035
 
Square edge 0.70 0.0594 3.50 0.0030 2.67 0.072
 

Headwall and parallel wingwalls -

Groove edge, .05 D x .07 D 0.74 0.0528 4.00 0.0020 2.67 0.048
 

Miter (square edge)
 
2:1 embankment slope 0.74 0.0750 4.00 0.0210 1.33 -0 091
 

Projecting entrance
 
Groove edge, .05 D x .07 D 0.70 0.0514 2.58 0.0045 2.00 0.049
 
Square edge (thick wall) 0.64 0.0668 3.50 0.0145 1.75 0.116
 
Thin edge 0.53 0.0924 4.00 0.0420 1.33 0.205_
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Figure 2. Headwater depth for corrugated metal pipe cul­
verts with inlet control.
 



b. If HW/D scale marked (1)represents entrance 

type used, read HW/D on scale (1); if another 

of the three entrance types listed on the nomo­

graph is used, extend the point of intersection 

in (a)horizontally to scale (2)or (3)and 

read HW/D 

c. Compute HW by multiplying HW/D by D 

To determine discharge (Q)per barrel, given HW,
 

and size and type of culvert
 

a. 	Compute HW/D for given conditions
 

b. 	Locate HW/D on scale for appropriate entrance
 

type; if scale (2) or (3)is used, extend HW/D 

point horizontally to scale (1) 

c. 	Connect point on HW/D scale (1)as found in (b)
 

above and the size of culvert on the left scale;
 

read 0 or 0/B on the discharge scale
 

d. 	If Q/B is read in (c)multiply B (span of box
 

culvert) to find 0 

3. 	To determine culvert size, given 0, allowable HW,
 

and 	type of culvert 

a. 	Using a trial size, compute HW/D
 

b. 	Locate HW/D on scale for appropriate entrance
 

type; if scale (2)or (3)is used, extend HW/D
 

point horizontally to scale (1)
 

c. 	Connect point on HW/D on scale (1)as found in
 

(b)above to given discharge and read diameter,
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heiqht, or size of culvert required for HW/D
 

value­

d. 	If D is not that originally assumed, repeat
 

procedure with a new D
 

Barrel Control
 

Under barrel control, the discharge in the culvert is
 
controlled by the combined effect of entrance, length, slope,
 

and roughness of the pipe barrel. 
The characteristics of
 

the flow do not always identify the type-of flow. It is
 

possible, particularly at low flows, for length, slope, and
 
roughness to control the discharge without causing the pipe
 

to flow full. 
This is, however, not a common occurrence at
 

design discharges. The usual condition for this type of
 

flow at design discharges is 
one in which the pipe cross­

section flows full for a major portion of the length of the
 
culvert. 
The discharge in this case is controlled by the
 

combined effect of all hydraulic factors.
 

Culvert slope. 
The slope of the culvert barrel has a
 
decided influence on the operating characteristics of pipe
 

culvert installations. 
By means of the slope, energy is
 

added to the flow within the pipe barrel to compensate in
 

part or overcome the effect of friction. The effect of
 

slope operates to a greater or lesser degree, depending oxi 

the length of the culvert. It is always necessary to as­
certain the effect of slope to determine the location of ihe 

control section (10). 
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Often a cursory analysis of the effect of slope will
 

suffice for design purposes. Such an analysis can be made
 

for long culverts in which it can be assumed that the flow
 

will approach or stabilize at normal depth. In this case,
 

a comparison of normal depth to the critical depth for the
 

particular discharge will establish the type of control.
 

If the normal depth is less than the critical depth, the
 

control for the particular discharge will be at the entrance
 

and'the culvert will operate with inlet control. Conversely
 

if the normal depth is greater than +he critical depth, the
 

culvert, except in very few cases, essentially operates with
 

outlet control.
 

The computations for determining the effect of slope
 

on the location of the control section in long culverts can
 

be greatly simplified by generalizing the factors that are
 

involved. This has been done in Fig. 3 (10). In this dia­

gram, relative depths are used in which the normal depth, y,
 

and critical depth, yc' are expressed in terms of the pipe
 

diameter, D, which are plotted on the ordinate in Fig. 3.
 

The discharge factor, Q/Ds/2, is plotted on the abscissa.
 

The combined effect of roughness, pipe size, and barrel
 

slope may be expressed as a ratio of actual barrel slope,
 

So,.to the optimum critical slope (Sc)op. The ratio of
 

So/(Sc)op is referred to as the relative slope, so, and may
 

be used to establish the relative depth, y/D, at various
 

values of the discharge factor. Further, relative critical
 

depth, Yc/D, may be plotted on the same graph to obtain an
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Figure 3. 	Flow conditions for long circular culvert barrels flowing

part full (10).
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immediate comparison of normal depth and critical depth for 

any discharge.
 

Slope and discharge at a given depth are related by
 

.the.Manning equation, so that Q S1/2 Therefore, dis­

charges in culverts with slopes relative to the optimum crit­

ical slope are also proportional at equal values of y/D.
 

Thus, the curves for relative slope in Fig. 3 are also rep­

resented by values of relative discharge expressed in terms
 

of per cent of the discharge in a pipe placed at a slope
 

equal to the optimum critical slope..
 

Several important characteristics of flow in pipes are
 
illustrated by the curves in the diagram of Fig. 3,. 
 First,
 

it will be noted that major portions of the curve for rela­

tive slopes greater than 0.64 lie below the critical depth
 

curve. 
This means that the normal depths for a large range
 

of discharges are less than the critical depth. 
The control
 

will be at the entrance whenever the normal depth is less 
than the critical depth. This establishes an area on the
 

diagram in which the culvert will flow part full with inlet
 

control (10).
 

At low values of relative slope, major portions of the
 

diagram (Fig. 3) lie above the critical depth curve. In this
 

area, the normal depth is greater than critical depth and
 

the flow will be controlled by friction and conditions at
 

the outlet. This establishes an area of part-full flow with
 

outlet control. It should be recognized, however, that this
 

diagram is based on flow in long culverts in which the depth
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of flow is-constant.' - An attempt to apply thi, to short cul­

verts would be overconservative inasmuch as actual'depths
 

in short-aulverts are somewhat less than normal depth (10). 

;:An important point illustrated in Fig. 3 is the shape
 

of the 'curves. The maximum discharge that can be carried by 

a pipe with.a free water surface at any slope is at a rela­
tive depth of 0.93. 'Any increase in discharge from this
 

maximum point can'only be carried by a pipe flowing full.
 

A third area iS thus established in which the culvert will
 

flow full with outlet control. Any discharge'in excess of
 

the ,maximum indicated by the appropriate curve will fall in­

to this area and will cause a long culvert to flow full.
 

"The curves of Fig.: 3 will be most useful for making a
 

quick check of the probable type of culvert operation. Flow
 

inIa,pipe culvert approaches normal depth-from depths less
 
thanif"ndrmal. Therefore, depths of flow 'in culverts of mod­

erate-or-short; length will be less than indicated by the
 

curve.' Because of'this characteristic., it is not necessary
 

to chebkthe type of operation further If the appropriate'
 

curve in Fig. 3 indicates that the culvert will flow 'par't
 

'Thill with inlet control. .
 . .
 

Culvert length. '%
The'geometry of culvert entrances­
causes 'the flow entering the culvert to conract in a manner
 

similar to th& )operatioh of' an: orifice.' Asiwiththi orifice, 
the deg ee of contracti nis'governed'by the edge geometry,
 

'
SThe -bontractions:at culvert inl-et'1 pis flowing-p"rt,'
 

ful a'lways' resuilt ,in"waker ' beldw the
?drrite,&ial surfaces well.
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depth of flow and usually below the normal depth of flow.
 

The effect of the contraction is projected well downstream
 

of the opening and may reach the outlet without the flow be­

coming uniform. For this reason, short culverts seldom flow
 

full and may be designed for inlet control operation. Also,
 

steep culverts extend the influence of the entrance flow
 

conditions and should be designed for inlet controlopera­

tion.
 

Various combinations of entrance geometry, length,
 

slope, roughness, and discharge combine to produce the ef­

fect of long or short culverts. The pipe operation curves
 

(Fig. 3) are specifically for long culverts.
 

Backwater computations are used to establish the con­

trolling length in determining whether or not a culvert in­

stallation is effectively long or short. The results of
 

this type of computation are plotted in a general form in
 

Fig. 4 for a square-edge entrance with a headwall. A family
 

of curves has been prepared for various relative slopes
 

(actual culvert slope to optimum critical slope) in terms of
 

a dimensionless relationship including optimum critical
 

slope, length, and diameter, (S )o L/D, versus the discharge
 

factor, Q/D5/2.
 

Uniform flow conditions are indicated in Fig. 4 with a
 

dashed line showing the extent of flow at a depth of 0.93D.
 

At discharges less than that defined by the intercept of the
 

dashed curve with the curves for So , the culvert is part
 

full and operates independently of length. At greater
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di.Sc.hargesi the culvert operation; iS!influenced by the
 
length. The culvert will be part full for 
 C )opL/D and
 
Q/D5/2 intercepts falling below the appropriato relative
 
slope curve. 
Similar points lying above the appropriate
 
relative slope curve 
tindicate that the culvert will 'flow
 
full'. 
 Culverts thus: defired as flowing full'are longcul­

"
verts and the pipe operation curves, of Fiq. 3 are ann1tni g% 

S(10)
 

ru, contro±i length curves are intended to be used as'a 
*means of"'making a 'close estimate of the 'length ofculvert

pipet-required to force the pipe to flow full as a result of 
friction.. Thus, knowing the discharge'factor and reiative
 
slope, :thelivalue of (S oL/D 
can be selected.' The length 
required to cause the culvert to flow full can then be de'­
termined. :Culverts shorter than the computed length would
 
be expected :to',operate-with inlet control; culverts longer
 
than the computed length would be expected to operate with
 
+outlet+:contrbl at the design discharge. 
These curves, there­
fore, are usefuX3.'inr *establ+ishing tie"criteri'a or +for lona 


short culverts.
 

The control length curves can also be 
used to establish
 
6ie approximate discharge rate-at'which a culvert if given
 

size, length, and slope can be expected to flow full. 
At
 
discharges exceeding the computed amount, the culvert will 
operate with outlet control, while for lesser discharges it
 
will operate withinlet'cbtrol). 'Exact operational Oharac­
teristics are uncertain'long 'the curve. Desgn should be. 
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cons, rvative, when :a C r.case f. inlet[,or tOtle, control,
 

cannot-be established.
 

Outlet Control 

Culverts flowing with,, outlet; pontrolcan -,,flow with' the 

culvert barrel full or:part., f ul!f or: partof the~barrell:. 

length, or for all of it (Fig. ._Ifx5) .theentirei cross sec­

tion of the barrel is filled with water for the total length 

of the barrel, the culvert' is said to bejin full: flow or
 

flowing.. full, as shown in Figs. .5a and i5b. 
 This--flow condi­

tion is called submerged outlet control,flow. Two other.
..


common types of outlet control flow are shown-in Figs. ,5c
 

and 5d, Procedures are available for determining the head­

water depth for the ,flow-conditions shown in Figs. :Sa,:,5b,
 

and 5c.,., The method given for part full s.flw 'condition i:,Fig. 

5d, gives a solution for headwatar,depth,-that,decreases in 

accuracy as-,the headwater decreases.,
 

The outlet controlnomograp have .been-constructedto
 
solve ,,t equation for .flow in -pipe culverts flowing with­
sorlve e -4,nn4-rnllo W'h )t"~J­

-'2.'5204(+Ke + 4*66.l8n2L] (~2 

where H = HW + LSo- h 

HW = headwater depth, in ft. 

SOL energy, gain Aue to ,sope, in.ft,, 

, Ke .,,.entranceloscoefficient, .o -.. 
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(a). Submerged outlet contro I 

(b) 'Full flow withYc'- D 

(c) Ful flow near entrance 

(d) Free surface outlet control 

Figure 5. Outlet control flow conditions.
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Q = discharge, in cfs 

D = pipe diameter, in ft. 

n.=channel friction facto 

J '= tailwater depth, or elevation at outlet of a,
 

depth equivalent to 1ocation of hydraulic grade
 

line, in ft. 

If tailwater submerges- the outlet, the proper value of 
h is the actual flow depth. If tailwater does not submerge 
the outlet, h'can be determined from Fig. 6 which is a 
vari­
able depending on the discharge factor and somewhat on the 
slope of the pipe. Two curves are given for each type of
 
pipe (concrete pipe and corrugated metal pipe). 
 The upper
 
curves in Fig. 6 are for culverts at zero slope, while the
 
lower curves are for culverts on a mild slope. 
Mild slopes
 
exist when the normal depth is greater than the critical
 

depth.
 

Finding the value of H from the nomograph is only part
 
of the solution for this headwater depth or elevation. In
 
the case of Fig. 5a where the outlet is totally submerged,
 
the headwater pool elevation (assumed to be the same eleva­
tion as.-the energy line) is found by adding H to the eleva­
tion of the tailwater. The headwater depth is the differ­
ence in elevations of the pool surface and the culvert in­

vert at the entrance.
 

When the tailwater is below the crown of the culvert,
 
the submerged condition discussed above no longer exists and
 
the determination of headwater is somewhat more difficult.
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Figure 6. Pressure term at culvert outlet for flowing-fuil conditions. 
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In discussing outlet control flow for this condition, tail­

water will be assumed to be so low that it will have no ef­

fect on the culvert flow. 

The common types of flow for the low tailwater condi­

tions are shown in Figs. 5b, 5c, and Sd. 
 Each of these flow
 

conditions are dependent on the amount of discharge-and the
 

shape of the culvert cross section. Each condition will be
 

discussed separately.
 

Full flow at the outlet, Fig. 5b will occur only with
 

the higher rates of discharge. Graphs are provided (e.g.,
 

Fig. 9) to aid in determining this full flow condition.
 

The curves give the depth of flow at the outlet for a given
 

discharge when a culvert is flowing with outlet control.
 

This depth is the critical depth, yc" When the discharge
 

is sufficient to give a critical depth equal to the crown of
 

the culvert barrel, full flow exists at the outlet, as shown
 

in Fig. 5b. The hydraulic grade line will pass through the
 

crown of the culvert at the outlet for alldischarges great­

er than the discharge causing critical depth to reach the
 

crown of the culvert. Head H can be measured from the crown
 

of the culvert in computing the water surface elevation of
 

the headwater pool.
 

When critical depth falls below the crown of the cul­

vert at the outlet, the water surface drops as shown in
 

either Figs. 5c or 5d depending again on the discharge. To
 

accurately determine headwater for these conditions, compu­

tations for locating a backwater curve are usually required.
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These backwater computations are tedious and time consuming.
 

Fortunately, headwater for the flow condition shown in Fig.
 

5c can be solved by using nomographs.
 

For the condition shown in Fig. 5c, the culvert must
 

flow full for part of its length. The hydraulic grade line
 

for the portion of the length in full flow will pass through
 

a point where the water breaks with the top fo the culvert
 

as represented by point A in Fig. 5c. Backwater computa­

tions show that the hydraulic grade line, if extended as a
 

straight line, will cut the plane of.the outlet cross sec­

tion at a point above critical depth (water surface). The
 

point is at a height approximately equal to one half the
 

distance between critical depth and the crown of the culvert.
 

The elevation of this point can be used as an equivalent hy­

draulic grade line and H, as determined by the nomographs,
 

can be added to this elevation to find the water surface
 

elevation of the headwater pool.
 

The full flow condition for part of the barrel length,
 

Fig. 5c, will exist when the.headwater depth, HW, as com­

puted from the above headwater pool elevation, is equal to
 

or greater than the quantity
 

D + (1 + K ) V2(5) 
e 2g 

where V is the mean velocity for the full cross section of 

the barrel; Ke, the entrance loss coefficient; and D, the 

inside height of the culvert. If the headwater is less than
 

the above value, a free water surface as shown in Fig. 5d
 

will extend through the full length of the culvert barrel.
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The part fullflow condition of Fig. 5d must be solved
 
by'a backwater computation if accurate headwater depths are
 

desired. The solution used is the'same as that given for
 

the flow condition of Fig. 5c with the reservation that­

headwater depths become less accurate as the discharge for
 
a particular culvert decreases. Generally, for design pur­

poses, this method is satisfactory for headwater depths a­

bove 0.75 D, where D is the height of the culvert barrel.
 

Headwater depth, HW, can be expressed by a common equa­
tion for all outlet control conditions, including all depthi
 

of tailwater. This is accomplished by designating the ver­

tical dimension from the culvert invert at the outlet to the
 
elevation from which H is measured as h0
. The headwater
 

depth, HW, equation is (for all outlet-control conditions)
 

HW = H + ho -
LSo (6)
 

All the terms in this equation are in feet. H is
 

found from the full-flow nomographs, whereas L is the length
 

of the culvert in feet and So the barrel slope in foot per
 
foot. The distance, h0 , is discussed in the following para­

graphs for the various conditions of outlet control flow.
 

Headwater, HW, is the distance in feet from the invert of
 

the culvert at the inlet to the water surfac 
of the head­

water pool.
 

When the elevation of the water surface in the outlet
 

channel is equal to or above the elevation of the top of
 

the culvert opening at the outlet (Fig. 5a), h0
 is equal to
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the tailwater depth. Tailwater depth, TW, is the distance
 

in feet from the culvert invert at the outlet to the water
 

surface in the outlet channel. A definition sketch for sub­

merged outlet control, which shows the terms in Equation 6,
 

is shown in Fig. 7.
 

If the tailwater elevation is below the top of the
 

culvert opening at the outlet (Figs. 5b, Sc, and 5d), 
ho is
 

more difficult to determine. The discharge, size and shape
 

of culvert, and TW must be considered. In these cases, ho
 

is the greater of the two values -(l) TW depth as defined
 

above, or (2) Yc + D . The latter dimension is the dis­

2
 
tance the equivalent hydraulic grade line.
rto 
 In this frac­

tion, yc is the critical depth and D is the culvert height.
 

The value of yc can never exceed D, making the upper limit
 

of this fraction equal to D. Where tailwater is the greater
 

of these two values, critical depth is submerged sufficient­

ly to make the tailwater effective in increasing the head­

water. 
The sketch in Fig. 8 shown the terms of Equation 6
 

for this low tailwater condition, and is drawn similar to
 

Fig. 5c, but a change in discharge can change the water sur­

face profile to that of Fig. Sb or Fig. 5d.
 

Outlet control nomographs solve Equation 4, for head H,
 

when the culvert barrel flows full for its entire length.
 

They are also used to determine head H for some part-full
 

flow conditions with outlet control. 
These nomographs do
 

not give a complete solution for finding headwater, HW,
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HW
 

L 
LS06 

Figure 7. 	Definition sketch for submerged outlet
 
control.
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Figure 8 . Definition sketch for outlet control with
 
, critical depth occurring at culvert exit.
 



.since'theyonly gave H in Equation 6. To determine head 11' 

for 	a given culvert and discharge Q,
 

1. Locate the appropriate nomograph for the type of
 

culvert selected and find Xe for the type Of en­

trance to be used
 

2. 	 Begin the nomograph solution by locating a startin 

point on the length scale; to locate the proper 

starting point on the length scales, follow the 

Lnstructions below:
 

a. 	 If the n value of the nomograph corresponds to 

.that 	 of the culvert being used, select the 

length curve for the proper Ke and locate the 

starting point at the given culvert length. 

If a Ke curve is not shown for the selected K 

see (b) below. If the n value for the culvert 

selected dif fers frim that of 'the nomograph, 

see (c)below. 

b. For the n of the nomograph and a K inter­
e
 

mediate between the scales given, connect the
 

given length on adjacent scales by a straight
 

line and select a point on this line spaced
 

between the two chart scales in proportion to
 

the 	Ke values.
 

c. 	For a different roughness coefficient, n, then
 

that of the chart n, use the length scales
 

shown with an adjusted length, Li, calculated
 

by the formula
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3. 	 Using 7a Seaig4htedge i connf~ .Ct: thle Po:,",I.Iint 'on the' 

length 	scale to thef size ofculVert. barrel'and 

mark the' point of crossing on, thez "turning In~ 

4. 	Pivot the straightedge between the point on the
 
turning line and the given discharge rate. Read
 

head in feet on the head (H)scale. For values
 

beyond the linit of the chart scales, find H by
 

solving Equation 4.C
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'METHODORFLOW ANALYSISV 

,n:irrigation* systems, free surface flow iwith 'outlet: 

contrql-)is commonly encountered, which is 'the type of flow 

condition illustrated in Fig. 5d. This same flow condition
 

is listed in Table '1under outlet control with part full
 

flow determined by the depth of tailwater. Also, culverts
 

in irrigation systems are, usually short, while being in-,
 

stalled on a mild slope. As described in -the previous chap­

ter, a technique is not presently available for analytically
 

describing free surface subcritical flow in culverts.
 

-In
recent years, -ananalytical ,technique for subcriti­

cal flow at open channel constrictions has been:developed 

O(12) technique to apply to flow mea­I:This has been 'shown 

suring flumes (13,-14), weirs '(15), and bridge constrictions
 

"4(16).- Since a culvert i-Ls a flow constriction, thismethod 

oft'subcritical flow--analysis-should be applicable to de­

scribing,-free surface subcritical outlet control flow in 

culverts.
 

For culverts in irrigation systems placed on a mild
 

slope ainid having a shorf . leigth, three"flow -conditions 

sKh uld-describe the :types;of'flow to be encountered. Begin­

riung :witlhifree surface 'inlet control, the :downstream.-fow 

depth can be increased until the headwater is increased
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Just slightly. -Free surface flowWill still exist, but
 
.
flow conditions -are now affecte4jzby .changes in tailwater.
 

This flow condition; can be.described as free surface outlet
 

control. Finally ;.ithei tailwater(;canibe'!raised sufficiently
 

to submerge the outlet. For a short culvert installed on a
 

mild :slope,e .a,submerged;0utlet should .result.in -a.submerged 

inlet, with .,the flow condition-being submerged outlet con. 

.,trola. 

The ,.method of,flow:analysis is,;different for Teach of,
 

the -.
three .flow conditions :mentioned above. !_The,technique-J 

for. developing the discharge equation ,describingeach .Of,­

:the, flow.conditions will .be:presented,below.,.
 

Inlet ContrOl-.
 

i.iUnder ,free surface inlet _control conditions,, critical
 

depth,,occurs i the vicinity.of ,;the.culvert entrance. This
 

critical -depthmakes it.possible to determine,:the flow irate
 

:knowing only -the -upstreamzdepth,.
HW.,tThis !is.possiblaebe-­

causewhenever,critical,.depth.occurs ,in the culvert, the..,up­

stream ,- .not:j.affected ,, o
depth,, HW ,.is by ,ohangeslin -the,down-. 

stream ..depth,. TW,. as. shown:2in .Figs..l0*and ::1,.:thereby, re­

sulting in a unique relationship between discharge,:.;Q,,and 
headwater .'~ -O .;.: ,:.x r .. ) .!. .: ; ,,., . .- , s .c:,'*. 

For ,culvertroperation with %inlet,_control,:.aplot is, 

made of inflow .-rate ji Qj. in cfsl against headwater.:depthi ,Hw,,, 

with Q 'as the ;ordiiate.and ,fHW as.!.the-:abscissa.*,:iWhen \,th se 

http:vicinity.of


... Hydraulic Grade Line (HGL) for*(e) 

Figure 10. Iil.ustration of flow conditions in a horizontal culvert. 



-. _.-Hydraulic Grode Line (HGL) for (e) 

FcLSon.in.so...... 

Figure 1. Illustration of flow conditions in a sloping 
culvert..
 

http:FcLSon.in.so
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two variables are plotted on logarithmic paper, all of the
 

points will fall on a straight line as shown in Fig. 12.
 

The equation for this inlet control flow rating can be
 

written as
 

.. .= C(HW) n l . . . . . . .°. . .° 8 

where Q flow rate, in cubic feet per second; 

C = inlet control flow coefficient;
 

HW = headwater depth, the vertical distance from the
 

culvert invert at the entrance to the elevation
 

of the upstream pool water surface, in feet; and
 

nj = inlet control flow exponent.
 

The value of the inlet control flow coefficient and inlet
 

control flow exponent can be obtained by plotting the hy­

draulic data as shown in Fig. 12, where the slope of the
 

rating is nj and C is the value of Q when HW is 1 foot.
 

Free Surface Outlet Control
 

When the flow conditions are such that the downstream
 

flow depth, TW, is raised to the extent that the flow depths
 

at any point through the structure become greater than crit­

ical depth, resulting in a change in the upstream depth, HW,
 

then the culvert is operating under free surface subcritical
 

flow, as shown in Figs. 10c, 10d, llc, and lld. The term
 

which will be used to describe this particular flow condi­

tion will be "free surface outlet control." A culvert op­

erating under free surface outlet control flow conditions
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requires that: two' flow depths be measured, one upstream (HW) 

attheculvert invert, and one near the downstream:end (one 

corrugation from outlet) of the culvert, such as TW. 

'The definition given to submergence, shown as S, is
 

the ratio, often expressed as a percentage, of the down­

stream depth to the upstream depth:
 

S= TW/HW .. .... .... ....... ..()
 

For the more general 'case shown in Fig. 11, where the cul­

vert is placed with a positive slope (sloping downward in
 

the direction of flow), the submergence, S, is defined by
 

the following expression:
 

S = TW/(HW + z) ................ ......... . (10)
 

where z is the drop in elevation of the culvert invert be­

tween inlet and outlet. Thus, Equation 9 is only a special
 

case of the more general definition for submergence repre­

sented by Equation 10. In other words, Equation 9 is valid
 

when the culvert is horizontal (z=o). The drop of the cul­

vert, which is z, can also be expressed as the culvert
 

length, L, multiplied by the slope of the culvert barrel,
 

So . Thus,
 

z = LS0 ...................................... (11)
 

and
 

S = TW/(HW + LS0 ) ............................ (12)
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1Free surface outlet control flow calibration curves are 

determined for the culvert by preparing three dimensional. 

plots of the parameters describing free surface subcritical 

flow. , The data are plotted on logarithmic paper with,the 

discharge,.Q, as the ordinate; difference in upstream and 

downstream depths of flow, . (HW+z) - TW or H, as the abscis­

sa; and the submergence, TW/(HW+z), as the varying para­

meter. Lines are then drawn connecting points of equal sub­

mergence. These are straight lines ,havinga slope identical
 

to. the slope of the inlet control rating .curve (which is nj)
 

for the same geometry.
 

From the submerged flow plots, an equation has been
 

developed (12) which can be used to describe the flow rate
 

through the culvert. The equation is:
 

C, (H)
n l
 

(Qog(sc=) nn 2 ................. e..... (13)
I-log (S+C2)] 

where Q = flow rate in cfs;
 

H = difference between upstream and downstr
 

depths, HW+z-TW, in feet;
 

HW = upstream flow depth, in feet;
 

TW = downstream flow depth, in feet;
 

C1 = free surface outlet control coefficient
 

n= = inlet control flow exponent;
 

n2 = free surface outlet control exponent;
 

S = submergence, TW/(HW+z); and 
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C2 = a constant for the approximate free surface sub­

critical flow distribution.
 

For the case of the culvert, C2 can be chosen as being
 

equal to zero. Therefore, Equation 13 can be reduced to:
 

C ,(H)n ( 4 

(-log S) n2 

In order to obtain values for n2 and C, for the culvert,
 

the 	 following steps were taken: 

1. 	The free surface outlet control rating plots were
 

drawn for the culvert;
 

2. 	The lines of constant submergence were extended
 

until they crossed the abscissa at H = 1.0, where
 

the corresponding ordinate value of Q, designated
 

as QH=l' is noted (Fig. 13);
 

3. 	 A plot was then prepared on logarithmic paper with 

QH=l plotted on the ordinate and -log S plotted 

along the abscissa (Fig. 14). A single straight 

line having a negative slope will result from 

plotting the data. The general format of the eq­

uation describing this relationship is: 

QH=l = Cl(-log S) n2 . ........... . (15)
 

4. 	The free surface outlet control coefficient, C1,
 

is the value of QH=l when -log S = 1.0, as illus­

trated by Fig. 14
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Figure 13. Typical free surface subcritical flow rating
 
curves 'for 12" * corrugated metal pipe 10' 
long 	with 0.0000 slope.
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subcritical flow exponent, n2.
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5. 	The free surface outlet control exponent, n2, is
 

the slope of the straight-line relationship illus­

°.trated in Fig. 14.
 

Having determined the values of the cvnstants in the
 

free surface outlet control equation, it is now possible to
 

evaluate the flow rate for any combination of upstream and
 

downstream flow depths that might be encountered.
 

The transition submergence, St, is the value of sub­

mergence at which the discharge passes from inlet control
 

flow condition to free surface outlet control flow condition
 

orvice versa (Figs. 10 and 11). Under this unique condi­

tion, both the inlet control flow equation and the free sur­

face 	outlet control equation will predict the same value of
 

discharge.
 

To determine the transition submergence, St, the inlet
 

control flow equation and the free surface outlet control
 

equation are set equal to one another (Eqs. 8 and 14). 

C(HW)nl = CI(HW + z - TW) nl *..... ....... (16)

n

(HW+Z ] 2[-log W/ z) 

Tie value of submergence, S, makes Equation 16 valid is the
 

transition submergence, St. This equation can be solved by
 

trial and error to obtain a value of the transition sub­

mergence for the special case where z=0. For sloping open
 

channel constrictions, a transition submergence can be ob­

tained if energy is used, rather than flow depths (16). 
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Submerged Outlet Control
 

When the flow conditions are such that the downstream_
 

flow depth, TW, is raised to the extent that the-culvert is
 

completely full throughout the culvert length, resulting
 

in a change in the upstream depth, HW, then the culvert is
 

operating under submerged outlet control as show 
 in Figs.
 

10and 11 (water surface profile e). The culvert operating
 

under submerged outlet control flow conditions also requires
 

that two flow depths be measured, one upstream (HW) at the
 

culvert invert, and one downstream ziear the end (one corru­

gation from outlet) of the culvert (TW). 

For the submerged outlet control flow condition, a plot
 

is-made of flow rate, Q, against the difference between up­

stream and downstream flow depths, H, with 0 as the*ordinate 

and H as the abscissa. When these two variables are plotted 

on logarithmic paper, all of the points will fall on a 

straight line as shown in Fig. 15. The equation for this 

submerged outlet control flow rating can be written as: 

n
Q = CS (H) .• (17) 

where 0 = flow rate, in cubic feet per second; 

H = difference between upstream and downstream flow 

depths, HW+z-TW; 

3 Submerged outlet,, control flow coefficient, which 

is the value of Q when H = 1 foot; and 

ns= submerged outlet control flow exponent, which is 

the slope of the submerged outlet control flow 
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rating when plotted on logarithmic paper.
 

... In order to determine whether inlet control or free
 

surface outlet control flow conditions exist in a culvert
 

it is necessary to calculate the submergence, which is then
 

compared with the transition submergence to determine which
 

flow equation should be used. If the submergence is less
 

than the transition submergence, then inlet control condi­

tions exist; but the culvert is operating under free surface
 

outlet control flow conditions if the submergence is greater
 

than the transition submergence, St.
 

In order to determine whether.free surface outlet con­

.trol flow or submerged outlet control flow conditions exist
 

in a culvert, it is at least required that the culvert out­

let be just submerged, while the culvert inlet is also sub­

merged. Thus, the downstream flow depth, TW, must exceed
 

the diameter or height of the culvert, D.
 



CHAPTER IV 

EXPERIMENTAL ,,DESIGN;
 

Many of the culverts encountered in irrigation systems
 

have free surface (open channel) flow occurring throughout
 

the length of the culvert. In irrigation channels, down­

stream conditions will likely control flow conditions in
 

the culvert. 
Thus, free surface outlet control flow con­

ditions will exist. At the pasent time, only a crude
 

approximation of the discharge relation is available for
 

free surface flow in culverts affected by downstream con­

ditions (free surface outlet control).
 

The development of an analytical technique for des­

cribing free surface outlet control would be advantageous
 
as an improved technique for des ning cver ichw
 

operate under this particular flow condition. More import­

antly, an accurate analytical method would provide the means
 

whereby culverts could be rated as flow measuring devices.
 

Since numerous culverts are encountered in irrigation systems,
 

the development of discharge ratings would allow each culvert
 

to be used as a flow measurement structure, if desired. 
Also,
 

the smaller culverts could be used as a portable flow meas­

uring device.
 

.Inrecent years, an analytical technique for subcritical 

flow at open channel constrictions has been developed (12). 

Zhis, technique has been shown to apply to flow measuring 
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flumes (13;l4)IP:weirs (15)', and bridge constrictions I(16).
 

Since a culvert is a flow constriction,: this method of-sub-;
 

critical flow analysis should be applicable to describing
 

free surface subcritical outlet control-flow in culverts.
 

For culverts in irrigation systems placed-on a mild
 

slope:'and'having a short length, three flow conditions
 

should describe the types of flow to be encountered.
 

Beginning with free surface inlet control, the downstream
 

flow depth can be increased until the headwater is increased
 

just slightly. Free surface flow will still exist, but
 

flow conditions are now affected by changes in tailwater.
 

This flow condition can be described as free surface outlet
 

control. Finally, the tailwater can be raised sufficiently
 

to submerge the outlet. For a short culvert installed on
 

a mild slope, a submerged outlet should result in a sub­

merged inlet, with the flow condition being submerged outlet
 

control.
 

The method of flow analysis is different for each of
 

the three flow conditions mentioned above. The technique
 

for developing tfiedischarge equation describing each of the
 

flow conditions has been described in the previous chapter.
 

To test the validity of the subcritical flow technique
 

(12) to analytically describe free surface outlet control,
 

a 12-inch diameter corrugated metal culvert was selected.
 

A square-edged flush headwall was attached to the culvert.
 

Thus, only one inlet condition was used in the experimental
 

design. Three culvert lengths, along with four barrel slopes
 



for eachlength, were incorporated" in the, experimental 

program. ,For a culverts length of 5 feet, barrel slopes ,of 

0.0000 (horizontal), 0.0333,;O. 0667, and 0.1167 were used. 

In addition to thehorizontal. case, slopes of 0.0167, ,0.,0333, 

and ,0,.0583 were used with thejl0-foot: culvert, length. The 

20-foot culvert length: utilized slopes,of 0.0000., 0.0083,
 

0.0167, and 0.0292.
 

Using four slopes for each,of three culvert lengths
 

provided 12 cases.to be investigated in the laboratory.
 

For each case,. sufficient hydraulic data had to .be collected
 

in order that discharge ratings could be developed for the
 

three flow conditions of free surface inlet control, free
 

surface outlet control, and submerged outlet control.
 

http:cases.to


CHAPTER V 

,EXPERIMENTAL FACILITY
 

This hydraulic experimental study utilized the 4-feet
 

wide by 60-feet long recirculating flume located in the
 

Engineering Research Center at Colorado State University.
 

The layout of the experimental recirculating flume
 

system is shown in Figs. 16 and 17a. The 12-inch diameter
 

corrugated metal culvert to be tested was set inside the
 

recirculating laboratory flume as shown in Fig. 17b. Water
 

was pumped into the flume system by a centrifugal pump
 

through a discharge pipe into a headbox located at the
 

entrance to the laboratory flume. Water was obtained from
 

the large sump under the laboratory floor and pumped (using
 

a small pump) into the sump of the pump-discharge pipe-flume
 

system. After a suitable volume of water was obtained for
 

the recirculating system, the valve gate connecting the large
 

stunp to the small sump could be closed. The flow in the
 

system could be adjusted with the valve in the discharge pipe.
 

A tailwater gate was located at the flume exit to
 

allow changing the tailwater depth. The gate opening was
 

changed after each run to provide a new tailwater depth,
 

thereby allowing sufficient hydraulic data to be generated
 

for developing discharge relations for free surface outlet
 

control and submerged outlet control.
 

At the end of the 4-foot laboratory flume, there was a
 

tank which received the falling water from the flume exit.
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Figure 16. Experimental flume facility. 
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(a) 	Experimental flume looking downstream with
 
Cutthroat flume in foreground.
 

(b) 	Experimental culvert rigidly attached to
 
rotating headwall.
 

Figure 17. Experimental flume and culvert.
 



58 

The water was discharged from the tank through a free
 

orifice which was used as a flow measuring device (Fig. 18a).
 

The width of theorifice is controlled by a sliding gate
 

that moves sideways, which can be set for openings of 0.5 feet,
 

1.0 feet, 1.5 feet, and full opening. Although increments
 

of 0.5 feet were commonly used for the orifice width, it is
 

possible to set any opening between zero and full opening,
 

providing the width is accurately measured. The depth of
 

water above the orifice was measured with a hook gage in a
 

stilling well set beside the tank, which was connected by
 

means of a flexible tube to a piezometer tap located in
 

the wall of the tank (Fig. 18a). The water discharging from
 

the orifice dropped into the sump and then passed through
 

the centrifugal pump, again.
 

An orifice meter is located in the water delivery pipe­

line to the experimental flume. Piezometer taps are located
 

upstream and downstream from the orifice meter. The differ­

ential head across the orifice is read by means of a manometer
 

board.
 

The third flow measuring device was a Cutthroat flume
 

having a 6-inch throat width and 54-inch flume length (Fig.
 

18b). The Cutthroat flume was set horizontally at some
 

height above the laboratory flume floor. Two stilling wells
 

were connected by flexible tubes to the piezometer taps
 

located in the flume wall. The capacity of the recirculating
 

flume system was approximately 5 to 6 cfs with the Cutthroat
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(a) Tank with free orifice.
 

(b) Cutthroat flume.
 

Figure 18. Flow measuring devices used in experiments.
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-flume installed. The range of discharges' utilized in the 

experimental program ranged fromr less than 1cfs to the full
 

capacity of the system.
 

The 12-inch diameter corrugated metal pipe (CMP) culvert
 

was placed inside the 4-foot flume with the bottom of the
 

culvert placed 7,inches above the laboratory flume floor.
 

The upstream end of the culvert was welded to the steel
 

headwall, which had a rubber seal around the periphery for
 

leakage protection. The headwall served as the hinge for
 

tilting the culvert. A flexible rubber sheet was used
 

between the headwall of the culvert and the channel iron
 

cutoff attached to the walls and the floor of the labora­

tory flume, thereby allowing the culvert to be tilted
 

without any leakage occurring.- Wood blocks-were placed at
 

various points underneath the culvert to support the pipe
 

in order to maintain the required slopes. The maximum
 

drop of the culvert exit was approximately 7 inches.
 

Piezometer taps were located along the culvert invert.
 

Also, a piezometer tap was placed in the culvert headwall.
 

Plastic tubing was-attached to the culvert taps and piezom­

eter taps located in the floor of the laboratory flume.
 

Finally, plastic tubing was used between the floor taps and
 

a tilting manometer board, which allowed reading the flow
 

depths directly.
 

In running the'hydraulic tests, the culvert was set
 

horizontally and 8 different discharges were run with the
 

tailwater gate being fully open, thereby resulting in inlet
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control flow conditions. Next, a constant discharge was
 

set with the tailgate fully open. Then, the tailgate was
 

lowered into the flow, which resulted in an increased tail­

water depth. After recording the piezometer readings, the
 

tailgate was again lowered and the piezometers read again.
 

This procedure was continued until sufficient data had
 

been collected to describe free surface outlet control'and­

submerged outlet control. Then, a new constant discharge*
 
was set and another series of hydraulic data collected.
 

Four discharges were run for each slope and'each pipe,-'
 

length.
 



CHAPTER VI. 

RESULTS'
 

Before presenting the experimental results, some
 

nention,must be made regarding the accuracy of the data.
 

imitations in the experimental facility resulted in con,
 

iderable variation or scatter in the data, which also
 

iecessitated additional laboratory efforts to overcome
 

.ertain difficulties.
 

Data Limitations
 

Three flow measuring devices were installed in the
 

e~perimental facility in order to provide a check on the
 

discharge measurements. A Cutthroat flume was installed
 

upstream from the experimental culvert, while a free
 

orifice was installed at the outlet of a box which
 

collected the flow exiting from the tilted flume, and an
 

orifice plate (which is the flow measuring device normally
 

used for this particular tilting flume) installed in the
 

water supply line.
 

Previous investigators had already encountered diffi­

culties in using the orifice plate. Although extreme care
 

was taken in bleeding air from the manometer tubes, the
 

measured differential head produced very erratic discharge
 



measurements. Thus, the free orifice and Cutthroat flume
 

had to-be relied upon for accurate discharqe measurements.
 

The accuracy of-the free orifice is primarily..
 

influenced by the proximity of the orifice plate to the
 

plunging jet entering the tailwater box. The accuracy-of
 

the cutthroat flume was primarily influenced by the 

degree of submergence. For many of the runs, the submerg­

ence in the'Cutthroat flume was very high, resulting in 

larger errors in the discharge measurement.
 

Another factor which greatly influences the accuracy
 

of discharge measurement in this particular facility is
 

the variation in discharge that occurs in the system.
 

This variation may be due to the accumulation of air in
 

the water supply line, which is periodically removed when
 

the air pockets become too large, thereby resulting in
 

surges through the flow system. Another possibility would
 

be that the pumps do not operate at a constant speed.
 

Another constraint was the limited range of flow depths
 

that could be utilized. This was a result of using a
 

small culvert diameter (12 inches), the limited submergence
 

of the inlet, and trying to limit the degree of submergence
 

in the Cutthroat flume.
 

In any event, considerable difficulty was experienced
 

in developing accurate discharge ratings for the experi­

mental culvert under the three flow conditions being
 

studied. However, data of sufficient accuracy was generated
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tO pr ve that.the s bcritical flowanalysis previously 

developedfor fldime sand welrs would'-apply to free surface.. 

outlet control flow 'conditions in a culvert . 

Inlet Control Ratings
 

The inlet control data were first analyzed using a 

computer program involving a regression analysis in order 

to arrive at estimates of the inlet control coefficient, C, 

and inlet control exponent, ni. The variation.of the inlet 

control exponent with barrel slope is shown in Fig. 19., 

which portrays a marked variation in n1 . From a theoretical 

standpoint, the inlet control exponent would not be 

expected to have a value less than 3/2. Yet, four of the 

data points have values of the inlet control exponent less 

than 3/2. This result must be attributed to the sensitivity 

of ni to small errors in the discharge, Q, since the flow 

depth, HW, would be a fairly accurate measurement. 

SinceFig. 19 shows a somewhat random variation of ni 

around the value 3/2, the next step in the analysis was 

to let ni = 3/2 and test the data for the variation in the 

inlet control coefficient, C. The results of this analysis 

are shown in Fig. 20, where a fairly consistent relation­

ship for C,is developed as a function of the barrel slope 

for each culvert length investigated. 

From Equation 3 the inlet control rating.is expected 

to, be a function of the barrel slope when the inlet is 

submerged (full pipe flow). Utilizing a value of k which 

http:variation.of
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would best fit the experimental data ccllected as a part
 

of this study, the effect of barrel slope can be seen by
 

comparing the ratings in Figs. 21a and 21b for a constant
 

culvert length. For a constant barrel slope, 21a or
. 

21b show the effect of culvert lengthl,L, on the inlet
 

control rating. Thus, it can be seen that both barrel
 

slope and culvert length exert considerable influence upon
 

the inlet control rating.
 

The results of using different'techniques for arriving
 

at an inlet control rating are shown'in Figs. 22, 23, and 24
 

for culvert lengths of 5 feet, 10 feet, and 20 feet, res­

pectively. Five different techniques were employed. 
First
 

of all, the ni developed from the line of best fit for the
 

experimental data using regression analysis was tested.
 

Secondly, a value of ni developed from smooth curve
 

relationships involving the barrel slope were tested
 

against the data. 
Next, the line of best fit through the
 

data using a value of the inlet control exponent equal to
 

3/2 was used. The results of these three analyses are
 

listed in Table 3. Finally, two different values of k were
 

used in Equation 3 for comparison with the actual experi­

mental data.
 

Because the experimental data covers a narrow range
 

of inlet flow depths, it can be seen from Figs. 22, 23,
 

and 24 that a considerable degree of latitude exists as
 

to the format of the inlet control ratings. For purposes
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'3) n, 1.500 4) k z0.0042 k, =0.0098 
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.6 HW, infeet .8 HWinfeet0.4 0.6 0.8 1.0 2.0 0.4 0.6 0.8 1.0 2.0 
(c) Slope= 0.0667 (d) Slope =0.1167 

Figure 22. 
 Inlet control ratings for experimental culvert
 
length of 5 feet using various criteria.
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Q n1 from,.regresion onniysis Q n,from curis of Last f t 
33 n,,="i1500 Ok =0.0042 . k 0.0098:4
 

4 	 5 

U) 	 . 

" 	 5 I­

-, 	 .8-3 2 

HW, infeet .6 	 HW, infeet 

0.4 0.6 	 0.8 1.0 2.0 0.4 0.6 0.8 1.0 2.0 
(a) Slope =0.0000 	 (b) Slope =0.0 167 
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4 	 4 

)-	 5 2-

I 	 2 

2 

HW, infeet 	 1. HW,infeet 
0.4 0.6 0.8 1.0 2.0 0.4 0.6 0.8 1.0 2.0 

(c) Slope 0.0333 	 (d) Slope= 0.0583 

Figure 23. 	 Inlet control ratings for experimental culvert
 
length of 10 feet using various criteria.
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HW, in feet 	 HW, in feetI _. I_. _ .. I 	 1 1 
0.6 0.8 1.0 2.0 3.0 0.6 0.8 1.0 2.0 3.0 

(a) Slope =0.0000 (b) Slope =0.0083 

6 	 6 

4 	 3 4 

4-4 

C4 

2 ,1 	 "k' 2 ­
t5)
 

HW, in feet 	 HW, in feet 

0.4 0.6 0.8 1.0 2.0 0.4 0.6 0.8 1.0 2.0 
(c) Slope = 0.0167 	 (d) Slope = 0.0292 

Figure 24. 	 Inlet control rating for experimental culwvrt 
length of 20 feet using various criteria. 



Table 3. 	Comparison of C values obtained from the three straight line..
 
fittings for inlet control flow.
 

Culvert Criteria No. 1 Criteria No. 2 Criteria No. 3Length and Mathematical Regression So-n, Curves of n, = 3/2Slope 
 Best Fit	 .
 

L,S0 	 n, C ni C ni C
 

L=5 ft
 
So=0.0000 	 1.683 2.012 
 1.910 2.020 1.500 1.999
 
So=0.0333 1.334 2.305 
 1.665 2.180 1.500 2.244
 
So=0.0667 1.819 2.491 
 1.515 2.260 1.500 2.319
 
So=0.1167 1.602 2.290 1.413 2.220 1.500 2 324
 
L=I0 ft
 
So=0.0000 1.799 
 1.714 1.800 1.700 
 1.500 1.727 ­
So=0.0167 1.489 2.059 1.650 2.060 
 1.500- 2.060
 
So=0.0333 1.606 2.212 1.510 2.221 
 1-500 2.221
 
S0=0.0583 1.443 2.289 1.400 
 2.288 1.500 2.288
 

L=20 ft
 
S0=0.0000 1.498 1.506 
 1.580 1.500 1.500 1.506
 
So=0.0083 1.507 1.772 
 1.507 1.773 1.500 1'.773
 
So=0.0167 1.634 .1.995 
 1.430 1.984 1.500 1.984
 
So=0.0292 1.235 2.251 
 1.335 2.220 1.500 2.160
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of simplicity in the ratings to follow regarding the free
 

surface outlet control and submerged outlet control flow
 

conditions, criterion 3 employing ni = 3/2 has been selected
 

as representing the inlet control ratings.
 

Free Surface Outlet Control Ratings
 

In order to determine the free surface outlet control
 

ratings, the coefficient, Cj, and exponent, n2, in Equa­

tion 14 must be evaluated. This is accomplished using the
 

plots shown in Figs. 25, 26, and 27 which have been pre­

pared for the experimental culvert lengths of 5 feet,
 

10 feet, and 20 feet, respectively. Each rating can be
 

described by Equation 15. The slope of these ratings,
 

which is the free surface outlet control exponent, n2, has
 

a constant value of 1.04. Thus, the variation in the
 

free surface outlet control ratings due to barrel slope,
 

Sop and culvert length, L, can be expressed in terms of
 

the free surface outlet control coefficient, C1 .
 

Because of the difficulties previously described in
 

collecting accurate discharge data, there is considerable
 

scatter in the data points shown Jn Figs. 25, 26, and 27,
 

which results in inaccuracies in arriving at the value of
 

the coefficient, C1 . To partially overcome this problem,
 

the first estimates of the free surface outlet control
 

coefficient, Ci, were plotted against the barrel slope,
 

Sol to test for consistency in the relationships. By
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S0 
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o.S 0O.0000
 
So 0o.0333
 

o 	0O.0667
 

So =0.1167
10-


4 .	 I I I I , ,I 

0.01 	 0.1 


-log S
 

Figure 25. 	 Effect of barrel slope upon free surface outlet
 
control ratings for experimental culvert 5 feet
 
long.
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1O0.., .f I ' j I I '-i 

Sb 

0_ 

oS. 0.0000 

L S.=0.0167 
so = 0.0333 

SS 0=0.0583 

1.01 

1. I I I I I 
0.02 0.1 0.6 

-log S 

Figure 26. Effect of barrel slope upon free surface outlet 
control ratings for experimental culvert 10 feet
 
long. 
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-log S 

Figure 27. Effect of barrel slope upon free surface outlet

'control ratings for experimental culvert 20 feet
 
long.
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plotting the relationship for each culvert length, L, on
 
the same graph, definite trends in the relationships could
 

be seen. Finally, the curves relating Ci and S0 were
 

established by eye, which required that three data points
 

be adjusted, with one data point being adjusted for each
 

culvert length. 
In each case, the original estimate of
 

Ci was reduced. The degree of adjustment amounted to
 

8 percent for the one data point on the curve in Fig. 28
 
for a culvert length of 5 feet, 12 percent for one of the
 

data points for the culvert length of 10 feet, while the
 
adjustment required for the curve in Fig. 28 for a culvert
 

length of 20 feet was 4 percent. After developing the
 

relationships shown in Fig. 28, the final rating.curves
 

shown in Figs. 25, 26, and 27 were developed.
 

The transition submergence, St, between inlet control
 

and free surface outlet control was evaluated using
 

Equation 16 for the special case where Z 
= 0 (horizontal
 

culvert). A solution of Equation 16 for sloping culverts
 

is complex bacause the culvert fall, Z, does not allow 'a
 

simple unique solution for St. The relationship between
 

culvert length, L, and the transition submergence, St, is
 
shown in Fig. 29. For culvert lengths of 5 feet, 10 feet,
 

and 20 feet, the transition submergence was 0.64, 0.66,
 

and 0.71, respectively.
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Submerged Outlet Control Ratings
 

Since submerged outlet control ratings are given in 

the literature (6, 20), a comparison of reported ratings 

with the data collected for the experimental culverts was 

undertaken. The submerged outlet .ontrol ratingreported 

in the literature is listed in Fig. 30. For-the experi­

mental culvert under study, wherein a constant diameter
 

corrugated metal pipe having a square-edged flush headwal1,
 

the rating equation is a function of culvert length, as
 

shown in Fig. 30.
 

The laboratory data for submerged outlet control flow
 

conditions has been plotted in Fig. 31. For purposes of
 

comparison, the predicted discharge ratings from the
 

literature (Fig. 30) have also been shown in Fig. 31. In
 

each case, the 'laboratory discharge rating predicts lower
 

discharges than the ratings reported in the literature.
 

Using Equation 17 to describe the submerged outlet control
 

rating, the exponent, na, has a constant value of 1/2 in
 

all cases. The effect of culvert length on the discharge
 

rating is reflected in the coefficient, Ca. The varia­

tion of the submerged outlet control coefficient, Ca, with
 

culvert length, L, is shown in Fig. 32 for both the labor­

atory ratings and the ratings reported in the literature.
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Composite Ratings
 

A summary of the exponents and coefficients in the
 

discharge rating equations for inlet control, free surface
 

outlet control, and submerged outlet control are listed in
 

Table 4. For the special case of horizontal culverts
 

(SO = 0), the ratings for all three flow conditions can 

be presented on a single graph. The composite ratings 

for the experimental culvert are shown in Figs- 33, 34, and' 

35 for culvert lengths of 5 feet, 10 feet, and&20 feet, 

resDectivelv.
 



rable 4. Summary of discharge ratings for inlet control, free surface outlet control, and
 
submerged outlet control for the 12-inch diameter corrugated metal pipe.
 

Culvert ..,Barrel 
ength, L Slope, So 

ft ft/ft 

5 0.0000 
0.0333 
0.0667 
0.1167 

10 0.0000 
-0.0167 
0.0333 1 

0.0583 

20 0.0000 
- 0.0083: 

0.0167 
0.0292 

Inlet Control Free Surface Outlet Control Submerged Outlet Control-, 
Q=C(HW)nl = Ci(HW+Z-TW)n,

[~~-log{TW/ (HW+Z) nQ=C'n 
n 

;ni C ni n2 C, n3- C 
.1.500 1.999 1.500 1.040 1,680,. 0,50 4.337 
1.500 2.244 1.500 1.040 1.440 
1.500 2.319 1.500 -1.040 1.250 
1.500 2.324 1.500 - 1.040 1.080 

1.500 1.727- 1.500 1.040 1.460 0.50- 3.762 
1.500 2.060. 1.500 1.040 1.325 
1.500 2.221 1.500 1.040 1.220 
1.500 2.288 1.500 1.040 1.100 

1.500 1.506 1.500 1.040 1.330 0.50d 3.032 
1.500 1.773 1.500 1.040 1.180 
1.500 1.984 1.500 .1.040 1.100 
1.500 2.160 



H, In feet 

0.01 0.02 0.04 0.06 0.10 0.20 0.40 0.60 .1.001 : 

l0.0 I I I I 1 1 t I *I ,I I IlI 
8.0 

Note: S 0 
6.00 

4.0-

Sur ei d.:,,outlet, control-, . .., 

2.0• 

S1.0­
.a. 0.8 

0.6 
Inlet control 

0.4
 

0.01 	 0.02 o.4 0.2 t0.4 0.6- 0.8 .
 
. H,Infeet HW, in feet
 

Figure 33. 	Discharge rat~ings for horizontal experimental 
culvert 5 feet long. 
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H. In feet 
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Figure 34. 	 Discharge ratings for horizontal experimental
 
culvert 10 feet long.
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CHAPTER VII 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS"'
 

Summary'.
 

Culverts are- frequently:..usedi in-irrigation systems.
 

In.many cases, culverts encountered in.irrigation distri
 

bution systems operate under free surface (open channel)
 

flow conditions* For such cases, downstream conditions
 

usually-control the depth of-flow in the culvert. For
 

this particular flow condition of free surface outlet
 

control, only-an approximate,:solution has been available
 

for determining the discharge.
 

A 12 inch diameter corrugated metal -pipe ,has been. 

investigated in the.laboratory to determine the validity 

of the submerged flow analysis employed with.flow measuring: 

devices, such as flumes and weirs, in describing free sur- -* 

face outlet control in culverts. Various slopes, including 

horizontal, were used in the experimental program in con-.. 

junction with three culvert lengths. A square-edged flush 

headwall was used in this laboratory investigation. 

Three flow conditions were investigatad in the labora­

tory; namely, inlet control, free surface outlet control,
 

and submerged outlet control; comparisons were made between
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the hydraulic data collected under this study and experi­

mental results published by previous investigators..,
 

Conclusions
 

This study has shown that the submerged flow analysis
 

used for flow measuring flumes and weirs can be applied! to
 

free surface outlet control flow-in culverts. Also, dis­

charge ratings for horizontal culverts can be graphically
 

shown on:a single plot. :Such a plot covers the three
 

flow conditions investigated in this study, which are
 
inlet.cntrol~, free surface ,foutlet control, and Submerged 

outlet control. 

v'The': results of."this!: studyhave clearly shown that: 

culverts can definitely be used as flow measuring.structures 

in irrigation systems-" Thus,."
existing culverts could be
 

utilized'for providing discharge measurements.' Also, ismall
 

cUlverts could,be employed.as portable flow measuring
 

devices .. 

Recommendations
 

A general experimental program should be undertaken to'
 

develop discharge ratings under free surface outlet control;
 

flow conditions for.a variety of culvert sizes and lengths.'
 

Initially, this programshould emphasize the development of!
 

discharge rating for small culverts which would be used as.:
 

portable flow-measuring devices.
 

http:employed.as
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