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 ABSTRACT,
CULVERTS AS FLOW MEASURING DEVICES

“‘~'Culverts are encountered tnrougnout lrrigation systems.
Manv“of these culverts operate under free surface flow con-
ditions. Usually, the flow depths in the culvert are
governed by downstream flow conditions. This particular
flow condition can be described as free surface outlet
control. Only an approximate solution for determining dis-
charge has been available for this situation.

VL 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 welirs
in describing free surface outlet control in culverts.
Various slopes and culvert lengths were studied. ‘

This study has shown that discharge ratings under free
surface outlet control flow conditions can be developed.
Such ratings can be related to the discharge relationships
for inlet control and submerged outlet control. Thus, cul-
verts can be used as flow measurement structures in irriga-
tion systems. N .

Va-son Boonkird
Agricultural Engineering Department
.Colorado State University

Fort Collins, Colorado 80521
- February, 1972
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“CHAPTER I
'INTRODUCTION

Background
' 'Water measuring devices have been very important in

irrigation systems for years:. Nowadays, increased emphasis
on water resource development to support rapidiy 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 eg-
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 fldw
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;



' v12;~5A sﬁurdy structure that can be constructed of

o steel, concrete or masonry; .

"3;'1Tne smaller sizes (diameter and/or 1ength);of:
'métal Qulverts are suitable as portable structures;

4. Ease of installation;

5. Easy to operate and maintain; and

?q.?:There are no silting problems due to the .increased
;”vglqcity 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. Mést frequently, a hi¢ghway 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 submexrged outlet control.

Numerous culverts are found in irrigation conveyance
anq distribution systems, as well as in farm head ditches
xand at points of tailwater runoff from croplands. Culverts
are commonly placed through canal banks to divert water in-
to laﬁerals, with a headgate placed at the culvert inlet to
cgptrol the quantify of flow delivered to the lateral.
Rﬁther than constructing small bridges, culverts are fre-

quently placed in the conveyance channel, with an earth



. embankment placed over the culvert, to allow vehicles such
:'as farm machinery to cross the channel. SR N
For culverts placed in*an'irrigation"cdnvejanéé channel
usually free surface (open channel) flow occurs in-the cul-
‘vert. In addition, downstrean conditions will‘likéiy-COn-
- trol 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.
1f 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.

P Qse

A culvert is usually a constriction to the flow. Cui—
verts placed in irrigation conveyance channels are open chan~
nel constrictions. Since only an approximate solution is
presently available tor determining the discharge under free
surface subcritical culvert flow, the possibility of utili-

zing the submerged flow analysis recently developed for



ﬁ flow measuring flumes and weirs to provide an accurate dis-
2charge'equation’will;be,investigated.ﬂ If the submerged flow
R§ﬁaiysis,can,be7applied\to this special problem, the tran-
'sition from inlet control to free surface subcritical cul-
.VQ;t'ﬁlow 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 (l2-inch) corrugated metal pipe will

be. used: to test the validity of the submerged flow analysis
in,deséribing 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,
wp}ch 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.



_ HYDRAULICS OF :CULVERTS

" The classification of the hydraulié'berforménce of cul-
verts can take several forms. Three primary groupings will
be used to describe the hydraulics of culverts. 5Thé'primary
groups are based on the three parts of thé culvert that ex-'
é;gﬁqrimary control on the culvert performahce aﬁd its ca-
pééiﬁy: the inlét, fhe barrel, and the outlet.

“Usually, one of the primary controls determine the pér-
formance and capacity of the culvert. An example of this
is*a'projecting, square-~edged inlet with the barrel on a
étéep'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 perfofmance and capacity. For.exampie, if the
inlet and outlet are submerged and the barrel is full, then
the elevation of the headwater is determiﬁed by adding the
outlet losses, thé barrel friction losseé, and the inlet
losses to the tailwéter elevation. o

The classigication 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



aTablé'i,"classification of culvert hydrauliclthtrQIs;kB)f’

1 Ialet

" 'A.  Unsubmerged
ol Weir .
- 2. Surface profile
‘B. Submerged ‘
- le Orifice
2.- Vortex
, 7307 Full
II. ;Barrel
A. Length
2. Long
-B. -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
S a + Full, barrel under pressure
2. 'Steep
-+ 1. -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
l. Part full
. 2. Slug and mixture
3. Full
III. Outlet
‘A. Part full
© *1l. Critical depth
2. Tailwater
B. Full
l. Free
-2, Submerged

e



jconaider.when determining the performance of .a _culvert and
jcomputing_its capacity.fg,,-‘;ﬁay.‘ﬁﬂgizg-: s

Only those items that .exert a control on. .the hydraulic
vperformance of a qulVert.are,listed,in,rable,l, Many:alter-
natives_are,pgsaible 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 entrance
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 contraeted depth of flow to de-
termine the flow denth at the culvert outlet. If the com-
puted outlet depth exceeds the barrel height, the culvert is
hydraulically long, tne barrel will f£ill, 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 £ill, 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. 1In fact, just changing fron
corrugated pipe to concrete pipe can change the hydraulic
length of a.culvert from long to eherta A similar effect

could result from a change in the inlet geometry.



The determination of culvert performance ‘is not- al
simple problem.4 If the culvert is on a steep slope, a‘re= -
entrant, sharp-edged inlet will produoe part-full flow in
‘the barrel until the headwater levelureaches some indeter-
minate hiéh'level} 'A flush, square-edged entrance will’ act
eiﬁifarly;*but the barrel will f£ill at some lower head. A
well-rounded inlet will cause the barrel to £ill at a low
submergence of the inlet crown. These performance charac-
teristics of inlets are evaluated by experiment.

"“"Plow ‘in culverts is also controlled bv‘the hydraulic
caoacity of one section ‘of the installation. 'The'diséhafge'
is either controlled at the culvert entrance or at ‘the out-
let ‘and “i's ‘designated inlet control and outlet control, re-
spectively. In general, inlet control will ‘exist as ‘lond
aé*tﬁe*ability'of’the'culvertfpipE‘to'carry'the'flowfexceeds
the ‘ability of water to enter the culvert through the inlet.
dutlét control will exist when the ability 'of tne pipe- -
barrel-to carry water away from the entrance is less than
the  £16w that ‘can ‘enter the inlet. The location 6f the: con-
trol”section will shift as the rélative capacities of the
entrance ‘and ‘barrel sections:chande with increasing or 'dé-
créasing‘discharge.’’ *'° - v ERIEES

i “The *?‘p’réb'éble ‘type 'of flow under which a culvert will
operate‘for 'a given-sét ‘of ‘conditionscan bé:determined‘ by
involved hydraulic computations: "The néed’for making' these
computatione*ﬁaﬁibe’avOidEd,”ﬁowévéf§ by ‘tising piblished

nomographs (1, 9, 10, 20) to compute headwater depths for



’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 ;
ftype of control is accurate except for a few cases where

bthe headwater isg approximately the same for both types of ?

.;control. fThe nomographs for outlet control include the ef-

51ects of the culvert barrel.

- Inlet Control

_Inlet control means tnat tne aiscnarge capacity or a .
) culvert is controllad at the culvert entrance by the depth
W'of headwater, HW, and the entrance geometry, including the
,;b;rrel shape and cross-sectional area and the type of 1nlet
bedge. Inlet-control:flow-for*both unsubmerged ‘and submerge
progecting entrances are'shown in Figs. l(a) and 1(b). A
submerged'mitered entranceAmith inletﬂcontrol is shown.in..
- Fig. 1(c). With inlet control, the roughness and "length of

the culvert barrel, as well as outlet conditions (including

.‘depth#of tailwater), are not factors in determinlng culvert

qcapacity. 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 flowxng With in-
.1et control (20) b o T D P U N O G S

fIniall 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



10

la) Pfojectingl -entrance ‘with unsubmerged
( free surface ) inlet. R

Lp/\\ -~
RIS i

N

‘ (6) Mitered At - with submnirnn.'d inlet.

rigure 1. Inleé cox;trol flow conditi,qgg. ‘



;?ehtrence.to the, energy line-oféthe headwaterfpool (depth *‘
Ti;and velocity head) Because of the low velocities in, ‘the -
_fimost entrance pools. the water surface and. the energy line
'at_theJehtrence-are.assumedsto,be.coincident.' For - the pur-
f'poses cf measuring‘headweter,'the‘culvert invert at thefen-
trance is the low point in the culvert openlng at the begin-
ning of the full cross sectlon of the culvert barrel.
Headwater-dlscharge relatlonshlps for the varlous types |
of c1rcular and pipe-arch culverts flowing with inlet con-
‘trcl“are based on laboratory research using models and veri- -
ﬁfied;for some entrances“by_prototype tests. Based upon the
research data, nomographs for determining culvert capaclty
for inlet control have been developed (1, 9, 10, 20). These .
nomogr aphs -give headwater-discharge relationships for most
conventlonal culverts flow1ng with inlet control through a
range of headwater depths and dlscharges. '
For freeﬁsurface inlet control flow, the following equa-

tion has been uSed in preparing nomographs.

.t H H
+ 0,580 = < + ~=

D ."“ﬁ"-ocoooo‘-o-.onaooo-o-oco-no(1)

HW
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,’ih ft.

~ The ‘dbove relationship 'is valid until a limiting upper

value‘of:ﬁe,icorfespOnding to a“discharge factor of about
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3. 25**15 feaChéd. This value “has been" experimentally detex-
mined and: is. givén in Table ‘2 (e.g., the discharge factor"
;is,4 00 ‘fo¥ a'thin edge projecting'entrance) ' The empiriCal
‘relationship between the head: increment, Hyi , ‘and the dig-~*
*charge factor, Q/Ds/z, is given by “the- equation-”

Ho/D = k(1.2730/D%/)™ totitiiiiiiiiiiiiniin.l (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 opaerating character-

~istics.of pipe culverts flowing with inlet control are.de-

fined=by'£he_equation:'

HW _h 2
—D""O-SSO"D_L"'kl (—%7?, .!.0..’0'..!"..(3)

This equation is valid for values of the discharge factor,

fiie

Q/Ds/z, exceeding an experimentally determined minimum given
in Tahle 2. The factor k; and the quantity h;/D are also
empirical and are g¢iven in Table 2.
. .The instructions for using the inlet control nomographs
such as Fig. 2 aie given below:
“ l. To determine headwater (HWL, 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
‘7QkB,fQ¥ box culverts; mark intersection of

.. Straightedge on HW/D scale marked (1)


http:istics.of

Table 2. 1Inlet cqgﬁrol performance coefficients.

Entrance Shape

Submerged inlet

Nonsubmerged inlet

flow. flow. ... ..
h,/p  k o/p%/2.  k ‘m . H/D -
With headwall s
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 0.105
Headwall and 45° wingwalls ‘ : B
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) ) ' T R
2:1 embankment slope 0.74 0.0750 4.00 0.0210 1.33 -0.091
Projecting entrance T : e
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

€T
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verts with inlet control.
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‘b. ”If“HW/Drécaie marked (1)'repfé3en£s entrance

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

‘Hofythe threé 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. :Cambute HW by multiplying HW/D by D

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

and éize and type of culvert

a. dompute 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)

Cc. Connect point on HW/D scale (1) as found in (b)
above and the size of culvert on the left scale;
read Q or Q/B on.the discharge scale

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

To determine culvert size, given Q, allowable HW,

and type of culvert

a. Using a trial size, compuie 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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height, or size of culvert required for HW/D
value
d. IfD is not that originally assumed, repeat

procedure with a new D

Barrel Control

Under ba;:el.cont;o;,ythg digqhqggg in the culvert is
cont;o;;ed by the comb}neq effgét pf entrance; length, slopé,
and rouéhness ofvthe'pipe barr;l. The characteristics of
the flow do not always iQentify the type:of flow. It is
possible,'particulgrly at loﬁ flows, for length, slope, and
roughness to contfol 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
f}dw 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 faétors.

Culvert slope. The slope of the culvert barrel has a

decided influence on the operating characteristics of pipe

1
i

culvert installations. By means of the slope, energy is
added_to the flow within the pipe‘baﬁxe; to compensate in‘
part or overcome the effect of friction. The effect of
slope operates to a greater or lesser degree, depending oﬂ
the length of the:culvert. It ié alwayg necessary to as-
certain the effect of slope to'dete;m;ne the location of the

control section (10).



17

“IOften 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
wili approach or stabilize at normal depﬁh. In this case,

a démparisqn of normal depth to the critical depth foﬁithe
pafﬁicular discharge will establish the type of control.
If the normal depth is less than the critical depth, the
control for ﬁhe particular discharge will be at the entrance
anq?the culvert will operate with inlet control. Conversely
if éhe normal depth is greater than -the critical depth, the
cul?ert, 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 hormal depth, v,
and critical depth, Y,r are expressed in terms of the pipe
diameter, D, which are plotted on the ordinate in Fig. 3.
The discharge factor, Q/Ds/z, 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,uto the optimum c:itica; slope (Sc)op‘ The ratio of
So/(sc)op is referred to as the relative slope, Sq 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
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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
?Qgcuanning equation, so that Q « S?/?, Therefore, dis-
1mcha:ges 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 atre
illustrated by the curves in the diagram of Fig. 3. First,
it will be noted that major portions of the curvevfor 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. 1In 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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jof flcwfis*coastant?~ An attempt to ‘apply thisn" to short cul-
mverts would be overconservative inasmuch as actual depths'
.in short ‘culverts: are somewhat less’ than normal depth (10).
;.An;important point illustrated in Fig; 3 is the shape
‘f'of'thefcurves. The maximum discharge that can be carried by
- a pipe with ‘a free water ‘'surface at any slope is at a rela-
dtive depth of - 0 93, ‘Any increase in discharge from this
Afmaximum p01nt can only be carried by a pipe flowing full.

A third area is thus established in which the culvert will
flow full w1th outlet control. Any discharge in ‘excess of
Jthe maximum indicated by ‘the -appropriate curve will fall in-

ctc‘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‘operatidn.} Flow
in:‘a pipe -culvert approaches normal dépth*frbm'depths'less.
- than“normai. "~ Therefore, depths cf‘ildW‘in‘culverts'bf'mod—
erateédr~shbrt?1ength will be less than indicated by the -
curve.” Because of this characteristic, it is not necessary
to'-checki‘the type of operation further if the“apprbpfiateﬁ
curve in Fig. 3 indicates that the culvert will flow ‘part
‘full with inlet control. - ¢t Ui T rwaee oot

- Culvert length. " The geometry of culvert entrandes =

causes’ the flow entering the culvert to!contract’ ifn a manner

similayr- to'the' operation of an'orifice. 'As‘with' thé orifibte,
"thé degree of tontraction’is' governed by the edge' geometiy,
'amhé'bohﬁraetibﬁs*aefculvéft*iniéﬁéﬂiﬁ*pibés flowitg part’

“full always' Yesult?in water §urfaces well’ beldw' the ‘critisal



21

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?f
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’control'opera-
tion.

Various combinations of entrance geometry, length,
slope, roughness, -and discharqe 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 thevcon-
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 heen 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, (Sc)opL/D, versus the discharge
factor, Q/DS/z.

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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iqure 4. Culvert control length for squaré-edge
o fyesh sentrance with.a headwall, (10). ...
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iudischarges, the culvert operation is 1nfluenced by the
:”length.: The culvert will be part full for (S ) L/D and
?;Q/Ds/z intercepts falling below ‘the appr0priate relative
‘ffslope curve. Similar points lying above the appropriate ----- e
frelative ‘slope” curve indicate that ‘the culvert will" flow j
i:full.; ‘Culverts thus defined as flowing full' are long cul-

~averts and. the pipe operation curves of Fig. 3 are abpiimskia

:(10)

E rne control length curves are intended to be used as” ‘a
v;means of making a close estimate of ‘the length of culvert
L;pipe required ‘to force the pipe to flow full as a result of
‘friction.\ ‘Thus, anWing the discharge ' factor and’ relative
'5slope, thefvalue of (S ) L/D can be selected.  The" length
frequired to cause' the culvert to flow full can then be de=
~termined. »Culvertsfshorter ‘than the computed length wouid.
be expecteditohoperate*with inlet control; culverts longer
than ‘the computed length would be expected to operate with |
uoutletwcontrol at’ the-design discharge. These curves, there-
fore, are useful in - establishing the “eritéria: for londg ‘or'™*
short culverts.

The control length curves can also be used to establish
the approximate discharge rate at which a culvert of given
size, length, and slope can be expected to flow full. At
discharges exceeding the computed amount, the culvert w1ll
operate with outlet control, while for lesser discharges it
will operate with“inletféontrol."Exact'operational charac-

teristics are uncertain“along3the"curvef“”ﬁesign'should‘be-
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conservatlve when A clear case of inletnor outlet contror~

.....

cannot be established.

‘Outlet Control

Culverts flow1ng w1th¢outlet>control canfflow ‘with: the
-culvert barrel full or, ;part.. full fornpartjof the;barrel*,13
length, or. for all .of. 1t (Flg.:S).MJIf the entirescross sec-
tion of the barrel is filled with water for the total length:
-of the barrel, the. culvert 1s said to,be;in. .full f£low or
flow1ng full, .as.. .Shown in Figs.:;5a and;5b." ;ThlsmflOWucondif
;tionlls called~submerqed'outlet control .flow. .. Two- other
common types of . outlet control flow .are, shown in Flgs..Sc
and 5d.ﬂ Procedures .are. avallable for .determining the- head—
water depth for the Elow- condltlons shown Ain;Figs,; 5a,;5b,
and 5°': The method glven for part fullnflow rconditionjy: :Fig.
699?r§91;§5~#h%rhea@watergdecreasesx;
.-, The outlet control nomographs have. been constructed to
solve .tk equation for.flow. in pipe culverts :flowing with:

ont+let+ Arontrnl . Tha AraakiAn 4+~

B IR e s A I S TN Ty RUTESCTA NPT S
'ib.szdh’(1+xe) 4.66.18n25,| [ g\ 2 (4)
H = gt e——— g e 20 NS
AT VAT M I-D,l.\ e gy 10537 s .]j IG/S i 16 E .
where H = HW + LSo h
“..l:f\’v TN ,"A,? T» y ol A
HW = headwater depth, 1n qt. , )
anyaa i eh donsel wet ool R Chaon sl

SoL ; = energy gain due towslope,wiantL

- Kg. 7 entrance loss, coefficlqntlrr“ﬁ,n
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Figure 5. Outlet control flow conditions.
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Qt'=“discharge, in cfs -

D = pipe diameter, in ft

:;“ =" channel friction facto:

:hﬁ = tailwater depth, or elevation at outlet of a:

depth equivalent to location of hydraulic grade
line, in ft, M”‘_ v | » '

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. 1In
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 deternination of headwater is somewhat more difficult. -
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In discussing outlet control flow for this condition, tail-
water will be assumed to be so 1ow 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 afe provided (e.qg.,
Fig. 9) to aid in determining this full flow condition.

The cu:ves'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, Yor 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 allfdischarges 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 camputations are tedious and time consuming.
Eoﬁ#ﬁpately, headwater for the flow condition spéwnlgnﬁF%g.
5clcan‘bevsolved by using nomographs._

L‘EorAthe condition shown in Fig. 5c, the culvert must,
flgw fuli for part of its length,l The hydraulic grade line
_ for the portion of the length in full flow will pass through
a poihf 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 fu%l flow condition for part of the barrel length,
Fig. 5¢, wili exist when the. headwater depth, HW, as com-
puted from the above headwater pool elevation, is equal to

or greater than the quantity

V2
D+ (1+Ke) '2—g ccoo.ccno.oo....l.ll.l..l-lcc(5)

where V is the mean velocity for the full cross section of
the barrel; L the entrance loss coefficient; and D, the
inside héigh% of the culvert. If the headwater is less than
the aboée value, a free water surface as shown in Fig. 5d

will extend through the fﬁll length of the culvert barrel.
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The part full flow condition of Fig. 5d niust 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
kheadWater depths'becOme less accurate as the discharge fof
'a'particular culvert decreases. Generally, for design puf-
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 depth:
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 hg. The.headwater

depth, HW, equation is (for all outlet-control conditions)
HW=H+ho-LSo onnooaooon--ooooaouc-n-ocooo(6)

All the terms in this equation are in feet. § is
found from the full-flow nomographs, whereas L is the length
of the culvert in feet and S, the barrel slope in foot per
foot. The distance, hy,, 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 surface of the head-
water pocl. . -

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), ho is equal to
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:the tailwatef depth. Tailwater depth, TW, is the distance
'ih»feet ffom the culvert invert at the outlet to the water
surface in the outlet channel. A definition sketch for sub-
ue:ged 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 (Fige. 5b, 5¢, and 5d), hy is
more difficult to determine. The discharge, size and shape
of culvert, and TW must be considered. In these cases, hy

is the greater of the two values” (1) TW depth as defined

above, or (2) #y +D « The latter dimenSLOn is the dis~-
2 | ‘

-

‘tance to"the equivalent hydraullc grade line.‘ In this frac-
tion, y is the critical depth and D is the culvert height.
The value of Yo 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. 5¢, but a change in discharge can change the water sur-
face profile to that of Fig. 5b 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,



32

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 they only gave H in Equation 6. To dete:nlne‘head'uf

for a given culvert and discharge Q,

1.

2.

Locate the appropriate nomograph for the type of

 culvert selected and find K for the type of en-

trance to be used

Begin the nomograph solution by locating a startin

‘peint on the length scale; to locate the proper

starting point on the length scales, follow the

Instructions below:

“*If‘the n"Value of the nomograph oorrespondé to

that of the. culvert being used, select the

_'length curve. for the proper- K and locate the

.. starting point at the given culvert length.

If a Ke curve is not shown for the selected Ke

. see (pl-below, If the n value for the culvert

* selected differs from that ‘of ‘the nomograph,

see (c) below.

For the n of the nomograph and a K, inter-
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.

For a different roughness coefficient, n, then
that of the-chart n, use the length scales
shown with an adjusted length, L;, calculated

by the formula
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3; Using a straightedge,vconnect the point on the
’niflength scale to the’ size of culvert barrel and
‘.1mark the point of crossing on' the "turning‘line
4fv\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 limit of the chart scales, find H by

'solving Equation 4.
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‘CHAPTER 3.
"METHOD "OF ‘FLOW ANALYSIS '

1n 1rrlgatlon systems, free surface flow:with:.outlet -
,control g commonly encountered, which ‘is ‘the ‘type .of :flow.
econdltlon illustrated in Fig. 5d. This same flow condition _
’;is listed in Table 1 under outlet control with part: full
flow determined by - the depth of tailwater.. Also, culverts
in’ 1rrigat10n systems are : usually short, while being in-.
stalled en,a“mild-slope. As'descrzbed,1n.the‘prey;ous chap-
nter;ea tedhnique is net presently available for analytically
’deeéribing»free surface subcriticzl flow in culverts.
_;éﬁfgin;réeent years,fan‘anaiyticalwtechnique*for subcriti-
?ealﬂflow=at open channel constrictions has been:developed
2(12) i+ 'This’ technigue-has been shown :to applyﬁto-flpw mea-
‘snringfflumeS‘(l3f%14), weire<{15)¢ and bridge conetrictions
“(16)'s -Since-a culvert is a flow constriction, this‘method -
of 'subcritical flow‘analysis -should be applicable to de="
scribing<free .surface 'subcritical outlet control flow in
éulvefts:

For culverts in'irrigation systems placed on a mild -
siqﬁefand haQing?aﬂshortflength;‘three*fIOW“conditions
sﬁBﬁldﬁdeécribe%thewtypesfof'flow to be encountered. - Begin-
ningfwitﬁﬁfreeﬁsurfecefinlet control, the.downstream:' .flow.

depth can be increased until the headwater is increased
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Just slightly.: Free surface flow Will still exist, but

;flow conditions are now affectf r“y changes in tailwater. =
ﬁThis flow condition can be described as free surface outletl
control._ Finally,,thewtai waterxcanﬁberraised sufficiently
Qto submerge_the'outlet._ For a short culvert installed ona
middtslopeg;a@subﬁerged;outlet>shouldgresult&inna;submergedj
inlet,awithwtheéflow-condition:being;submergedroutletfcon:.M
wtrOI;

The\method of flow: analySis is .different for each oF..
;the three flow conditions mentioned«above. )The ‘techntique

‘for developing the discharge ‘equation; describing each of .-

:the‘flow conditions will be. presented below.

inletnControlw

taiv:Under: free surface 1nlet|control conditions, ;critical
depth occurs in the vicinity of.the . culvert -entxance. : This
critical.depth;makes:1twpossible.to{determinegthe=flow€rate
:knoving:only~thewupstream?depthquW.:\This!iSwpossiblefbe"
cause ‘whenever.critical:depth occurs in- .he culvert, the ‘up-
stream. depth, HW,tlS not,affected bxtchangeslin ithe: down
stream:depth; TW, asishownpinAFigs;mlowand»ll,athereby're-
sulting in a unique relationship between discharge,.: Q,Land‘
headwater, HWads iy wnstuya acilop e nioariavins vod

’ gForfculvertroperation with.inlet: control,ra plot.is ;.
;made ofiiflow. rate; Q; in cfs; against: ‘headwater:- depth,LHWp

vwitthﬁasuthemordrnatefandmHW asithegabscissa¢13Whenhthese
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Figure 10. Illustration of flow conditions in a horizontal_culve_':"tt.-




~——— /—Hydrauhc Grade Line (HGL) for (e)

Figure 11. Illustration of flow conditions in a sloping culvert..
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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_;@is inlet control flow rating can be

writtén as
Q = C(Hw)nl '..i..l.!‘..l..ll'l..l...l..ll.....(8)

where_Q‘ = flqw 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
n; = 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 n, 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¢, 104, 1llc, and 11d. 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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“féqﬁfféé‘that’tW6 flow’depths'be-measured,vone‘upstream (HW)
:at%thé5Cﬁlvert 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
théiratio, often expressedcas a percentage, of the down- ::

‘gstream depth to the upstream depth:
S=TW/HW ...................................(9)

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 = TH/(HW + Z) cceececssccscscsscssscecsssssess (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=o0). 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 = LSo csessscesssevrssassessscsssvesssnsssceos (11)
and

S =

TW/ (HW + LSO) csescessevescsssssessscsessees (12)
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..Free-surface outletucontrolvflow,calib:atipn‘cu:vqs;gre
determined,fdr,thezculvert by preparing_th:ee,dimepsionall
plots'ofwﬁheaparameters~describing free surface subcritical
flow. ,The data are plotted on logarithmic paper with, the
discharge,io,was 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-
mggef}>“iinés are then drawn connecting points of equal sub-
mergence. These are straight lines having a slope identical
to;.the .slope of the inlet control'rating.curve (which is n,)
for the same geometry.

From the submerged flow plots, an equation has been
developed (12) which can be used to describe the flow rate

thrdugh the culvert. The equation is:

Cy (1)™
Q.= ..l.lll..l.i..l‘0.000..O.(13)
[-109(stc)] ™
where Q = flow rate in cfs;
H = difference between upstream and downstr

depths, HW+z-TW, in feet;

HW = upstream flow depth, in feet;

™

downstream flow depth, in feet;

C, = free surface outlet control coefficient
n, = inlet control flow exponent;

n; = free surﬁace outlet control exponent;

S = submergence, TW/ (HW+z):; and
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| Cz = a constant for the approximate free surface sub-
‘critical flow distribution.
For the case of the culvert, C; can be chosen as being
qual tp zero. Therefore, Equétion 13 can be reduced to:

Cxtﬂ)nl

Q= I:I;;_EIE; N ¢ X

In order to obtain values for n; 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 iines of constant submergence were extended
until they crossed the abscissa at H = 1.0, where
thé corfesponding ordinate value of Q, designated
as QH=1' 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 eg-

uation describing this relationship is:
-n
QH=1=CI(-l°g S) 2 oo.o.oooclo-oo.ooouoo(15)
4. The free surface outlet control coefficient, C:,

is the value of QH=1 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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Figure 14. .Typical plot for developing free .surface, sub-

critical flow coefficient, Ci1, and free surface
subcritical flow exponent, nz.
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B 55id¢ne free surface outlet contrcl exponent, n,, is

h ftﬁe'slope of the straight-line relationship 11lus-

;trated in Fig. 14.

- Having determined the values of the cunstants 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, £’ is the value of sub~-
mergence at which the discharge passes from inlet control
flow condition to free surface’ outlet control flow condition
ormvice versa (Figs. 10 and il). Under this unique condi-
tfon, both the inlet controi flow equation and the free sur-
face outlet control equation will predict the same value of
discharge.

¢ To determinefthe transition submergence, Si+ the inlet
céntrol flow'equation and the free surface outlet control
equation are/set equal to one another (Egs. 8 and 14).
| | | Ci (HW + z-TW)

[ log EL'W/ (Hw+z))] n2

Tﬁe value of submergence, S, makes Equation 16 valid is the
transition submergence, Sy-

trial and error to obtain a value of the transition sub-

cEW)?! = cesesssessans (16)

This equation can be solved by

neréence 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 shown 1n Figs.
10 and 11 (water surface profile e). The culvert operating
under submerged outlet control flow conditions alsoirequires
that two flow depths be measured, one upstream (HW) at the
culvert invert, and one downstream riear the end (one corru-
gation from outlet) of the culvert (TW) .

| For the submerged outlet control flow condition, a plot
isimade of flow rate, Q, against the difference between up-
stream and downstream flow depths, H, with @ 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 canfbe written as:
Q = Ca(H)ns ....,......-...a-..-.......--..'....(1‘7)

'where Q = flow rate, in cubic feet per second;
i H \='difference between upstream and downstream flow
.depths, HW+z-TW,
caf;fsuhmerged outlet control flow coefficient, which
h '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._y'

ﬁln order to determine whether inlet control or free

ff;surface outlet control flow conditions exist in a culvert ,
Efit is necessary to calculate ‘the submergence, which is then
'Fcompared with the transition submergence to determine which

el

vflow equation should be used A If the submergence is less |

=;than the transitionnsubmergence, then inlet control condi-i

.tions exist but the culvert lS operating under free surface
.»outlet contro] flow conditions 1f the submergence is greater
bthanlthe trans1tion submergence, St’A

L 3 In order to determine whether free surface outlet con-.
J:trol'flow or submerged outlet control flow conditions exist‘
‘Tin a culvert, it is at least required that‘the culvert out-

O

“1let be just submerged, while the culvert inlet is also sub-

)7

ﬂmerged. Thus, the downstream flow depth, TW, must exceed :

vthe diameter or height of the culvert. D.



chnbrER 1V
EXPERIMENTAL DESIGN:

Many of the culverts encountered in irrigation systems’
SGed B P e o N R TR Y : sl e v i

have free surface (open channel) flow occurring throughout

-r,’,\

.the length of the culvert., In irrigation channels, down- f

N
B

ﬁstream conditions will likely control flow conditions in
.the culvert. Thus, free su face outlet control flow con-ﬂJ
ditions Wlll exist. At the present time, only a crude h

approximation of the discharge relation is availahle for

-,"'r)‘

free surface flow in culverts affected by downstream con;fy
ditions (free surface outlet control) ’ e
i The development of an analytical technique for des_,rf

AT

cribing free surface outlet control would be advantageous'r
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 pbrtable_fIOW'meas-
uring device. | |

In recent ‘years, an analytical technique for subcritical
flow at open channel constrictions has been developed (12).

“his technique has been shown to apply to flow measuring
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:flumea (13;14);&wéirs?(15)5fand?bridge constrictions:(16) :
Since a culvert is a flow constriction;: this method of: sub-
" critical flow analysis should be applicable to -describing
free surface subcritical ouflet control -flow in culverts.
For culverts in irrigation systems piacedion a mild '
slbpe*ahdfhaVing a short length, three flo&fcondifions.
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 floﬁ’analysis is different for each of
the three flow conditions mentioned above. The technique
for developing the‘discharge 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 l2-inch diameter corrugated metal culveft 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



54 .-

,‘for each length. were incorporated in the experimental
f'program. For a culvert length of S feet, barrel slopes of
0. 0000 (horizontal), 0. 0333 0. 0667, and 0.1167 were. used..
In addition to: the horizontal case, slopes. of 0. 0167 .0.0333,
.&and40u0583,were,use§ with;theﬁlgﬂfoot,culvertflength.»sThe
fﬁd%fodtfculvertu1engthautilizedﬁslopesxof O.QOOQ,f0.00BQ,(
* 0.0167, and 0.0292..
¢ﬁ,Usingnfour“slopesmforreachvofathree culvert lengths
:provided~12 cases~to~be,inveetigated in,the?laboratpry.
.For each case,. sufficient hydraulic data had toxoe'collected
” in order that discharge ratinge could be developed for the
three flow conditions of free surface inlet control, free

~ surface outlet control, and submerged outlet control.
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CHAPTER V
. EXPERIMENTAL FACILITY

fﬁis ﬁydréulic experimentél stud& utilized the 4-~feet
wide b§ 60-feet long ;ecirculating flhme located in the
Engineéring Research Center“at Colorado State University.

- The layout of the experiméntal recirculating flume
system is shdwn in Figs. 16 and 17a. The 12-inch diameter
corrugated metal culvert to be tested was set inside the
recirculating iaboratory flume as éhown in Fig. 17b. Water
was. pumped into the flume system by a centrifugal pump
throuéﬁ a disdharge pipe into a headbox located at the
ent:anée to the laboraﬁory fluﬁe. Water was obtained from
the large sump under the laboratory floér 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
sunp 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 dépth,
thereby allowing sufficient hydraulic data to be generated
for developing discharge relations for free surface outlet
control and sﬁbmerged 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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(a) Experimental flume looking downstream wit
Cutthroat flume in foreg:round.

(b) Experimental culvert rigidly attached to
rotating headwall.

Figure 17. Experimental flume and culvert.
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The water was disc arged from the tank through a free
orifice which wés usédAas a flow measuring device (Fig. 18a).
The width of the,orifice is controlled by a slldlng gate
that moves sidewafé}»whicn can be set for openings of 0.5 feet,
1.0 feet, 1.5 feot}‘and full opening.  A1though increments
of 0.5 feet were}oommonly 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 rarige‘-ofidiscﬁafgé's‘?‘« utilized in the
experimental program ranged from less than 1 cfs to the full
capacity of the system. " .‘. |

The 12-1nch diameter corrugated metal pipe (CMP) culvert
was placed inside;the 4-foot flume with the bottom of the
culvert placed 7linches 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 protectiom. 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 1eakagefocgurring.: Wood blocks were placed at
various points umderneath the culuert 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.
Piastic tubing mae'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 v
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-
vsubﬁerged outlet control. Then, a‘new'constantidischarge"
was set and another aeriesvofwhfdraulicWdata"collected;*fﬂf

b

Four discharges were run for ‘each’slope’ and each pipe ™ 7

r

length.



. CHAPTER VI
* RESULTS

Beforg.presenting the experimentg;;resuitg, somé
nention must be made regarding the accuracy_of the dat;;
Limitations in the experimental facility resulted in con-
siderable variation or scatter in the data, wpicp-alaq:‘
r1ecessitated additional laboratory egfort§ to pvqgcomé

?ertain difficulties.

Jata Limitations
1

l Three flow measuring devices were installed in the
e

iperimental facility in order to provide a check on the
di%charge measurements. A Cutthroat flume was installed
upétream from the experimental culvert, while a free
orﬁfice was installed at the outlet of a box which
coliected 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
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measurements. Thus, the free orifice and Cutthroat flume ,
hag to be relied upon for accurate discharge measurements.
ihe accuracy;of the‘fre9 orifiqe“;s primari1yT‘J“ e
'influenced by the proximity of the orifice plate to the
pluﬂgingvjét entering the tailwater box.v“The'aéégrééy-bf'ﬂ
ﬁhe‘cﬁtfhibat“fiuﬁe was primarily influenced by the
degree of submergence. For many of the runs, the Submerg-
ence iﬁ‘ﬁhé;Cuﬁthrdat'flume.Waébﬁery high, resulting in
larger errors in' the discharge measurement.

Another factor which greatly influences the accuracy
d?iaiééﬁéfge measurement in this particular facility is
the variation in discharge that occurs in the systém,
This variation may be due to the accumulation of air in
the w&ter'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 é#ent, considerable difficulty was experienced
in developing accurate discharge ratings for the experi-

mental culvert under the three flow conditions being

studied. Howéver, data of sufficient éécuracy was generated
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to prove that the subcritical flow analysis previously
‘developed for flumes and weirs would apply to free surface

ioutlet control ‘Flow conditions in a culvert;

IS TR

Inlet Control Ratings

The inlet control data were first analyzed using a
computer program involving_a}regressionranalysis in‘orderv ,
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,ianig,.lB,
which portrays a marked variation in n;. 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. lhis resulthmust be‘attributed to theisensitivity
of n; to small errors in the discharge, Q, since the flow
depth, HW, would be a fairly accurate measurement.

 Since Fig. 19 shows a somewhat random variation of n;
around the value 3/2, the next step in the analysis was
tojlet_n;eé,J/g,and test theAdata 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 slopé
for each culvert lengtn investigated.,f

From Equation 3y 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
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Figure 19. Variation of -inlet control exponent with ba._rrel"slope ]
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Figure 20. - Relatlonsh:l.ps between inlet control coefficient and barrel
- slope for ny = 3/2.
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;would'gest fit the‘enperimentalvdata cdllected as a part
of this study, the effect of barrel slope can be seen by
comparing the ratings in Figs. 2la and 21p for a constant
culvert length. For ‘a constant barrel slope, Figs. 2la or
21b show the effect of culvert length, L, ‘on the inlet
control rating. Thus, it can be seen’ that both barrel
slope and culvert length eyert conSiderable influence upon
the inlet control rating. |

fhe results of using'different‘techniques for arriving
at an inlet control rating are‘shonnfinhEigs. 22, 23, and 24
for cnlvert lengths of 5 feet, 10 feet; and-20 feet, res-
pectively. Five different techniques were employed. First
of all, the n; developed from the line of best fit for the
experimental data using regression analysis was tested.
SecondIy, a value of n;, 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 valuesz 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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Figure 22.
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Figure 23. 1Inlet control ratings for experimental culvert
length of 10 feet using various criteria.
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Table 3. Comparison of C values obtained from the three straight line "
fittings for inlet control flow. , B

Culvert Criteria No. 1 Criteria No. 2 Criteria No. 3
Length and Mathematical Regression So-n1 Curves of ny = 3/2 }
Slope Best Fit e
L,Sg n, c ‘ n c m @ C o
5,=0.0000 1.683 2,012 '1.910 2,020 1.500 1.999
§,=0.0333 1.334 2.305 1.665 2.180 1.500 2.244
§,=0.0667 1.819 2,491 1.515 2.260 1.500 2.319
S5o=0.1167 1.602 2.290 1.413 2,220 1..500 223%{
L=10 ft ' —
§,=0.0000 1.799 1.714 1.800 1.700 1.500 1?72]
8,=0.0167 1.489 2.059 1.650 2.060 1.500 2,060
5,=0.0333 1.606 2.212 1.510 2,221 1.500 2,221
S°=0.0583 1.443 2,289 1.400 2,288 ‘ ~ 1.500 2:.288
T=20 Et . —
5,=0.0000 1.498 1.506 1.580 1.500 1.500 1.506
§,=0.0083 1.507 1.772 1.507 1.773 1.500 1.773
5,=0.0167 1.634 1.995 1.430 1,984 1.500 1.984
5,=0.0292 1.235 2,251 1.335 2,220 1.500 2.160

<L
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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 fréeisurface outlet control
raéings, the coefficient, C,, and exponent, n,, in Equa-
tion 14 must be evaluated. This is accomplished using the
plots shown in Figs. 25; 26, and 27 yhich have been pre-
pared for the experimental culvert lengths of 5 feet,

10 feet, and 20 feet,yrespectively. Each rating can be
described by Equation 15. The slope of these ratings,
which is the free surface outlet control exponent, nz, has
a constant value of 1.04. Thus, the variation in the

free surface outlet congrol ratings due to barrel slope,
So' and culvert length, L, can be expressed in terms of
the free surface outlet control coefficient, C;.

Because of the difficulties previously described in
collecting accurate discharge data, there is considerable
scatter in the data points shown in Figs. 25, 26, and 27,
which results in inaccuracies in acriving at the value of
the coefficient, C;. To partially overcome this problem,
the first estimates of the free surface outlet control
coefficient, C;, were plotted against the barrel slope,

Sor to test for consistency in the relationships. By
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Figure 25. Effect of barrel slope upon free surface outlet
control ratings for experimental culvert 5 feet
long.
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Figure 26. Effect of barrel slope upon free surface outlet
control ratings for experimental culvert 10 feet
long.
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‘control ratings for experimental culvert 20 feet
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plotting the relationship for each culvert length, L, on

~ the same graph, definite trends in the'relationships could
be’seeh.v Finally, the curves relating Cy and 8, 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 Qf

C: was reduced. The degree of adjustment amounted to

8 percent for the one data point on the curve in Fig. 28
for a caltert 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, 2, does not allow a
simple unique solution for S, The relationship between
culvert length, L, and the transition submergence, S¢r is
shown in Fig. 29. For culvert lengths of 5 feet, 10 feet,
and io feet, the transition submergence was 0.64, 0.66,

and 0.71, respectively.
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Figure 28.
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Relationships between-bairel slope and free surface: outlet

control coefficient for experimental culverts-
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'gSubmerged Outlet Control Rating_

: 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 Jontrol rating reported
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 headwall,

ifthe 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. 3l. For purposes of
comparison, the predicted discharge ratings from the
literature (Fig. 30) have also been shown in Fig. 31. 1In
~ 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, n3, has a constant value of 1/2 in
allbcases..’The effect of culvert length on the discharge
rating is reflected in the coefficient, Cs. The varia-
tion of the subnerged outlet-control coefficient, C;, 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 summaty of the exponents and coefficients in the
discharge rating equations for inlet control, free surfaee
outlet control, and submerged outlet control are listed in
'ETable 4, For the special case of horizontal culverts
i(so = 0), the ratings for.all three flow ebnditiens“Céh. “
be presehted on a single graph. The compesiteiratinés
- for the experimental culvert are shown: in Figs. 33 34, and
i 35 for culvert lengths of 5 feet. 10 feet, and 20 feet,

eresnectivelv.



Table 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 Iqiet Control | Free Surface Outlet Control| Submerged Outlet Contrdl } -
Length, L | Slope, S| g = c(aw)™ g = —C1 (mwrz-mw) g = Con™* o
B | o * [FroglTw/ (mw+z) }] 2 o :
£t ft/ft. |~ ny C n n» C1 ns. " Cs
5 [-0.0000 [|1.500 1.999| 1.500 1.640 1.680 - 0,50 . 4.337 °
- 0.0333 |1.500 2.244 1.500 1.040 1.440 P
- 0.,0667 |'1.500 2.319 1.500 .1.040 1.250
©0.1167 " | 1.500 2.324 1.500.- . 1.040 1.080
10 < 0.0000 - |1.500 1.727 1.500  1.040 1.460 0.50 :3.762
~ .+110.0167 - |1.:500 2.060 |. 1.500 1.040  1.325 ’
1 0.0333 - |1.500 2.221 | 1.500 1.040 1.220
~]°0.0583 |1.500 - 2.288 | 1.500  1.040 1.100 3 |
20 | 0.00000 |1.500 '1.506| 1.500 1.040  1.330 0.50 < 3.032
“|-0.0083: }|1.500 1.773| 1.500 1.040 1.180 PR e
|- 0.0167° |1.500 1.984 1.500  °1.040 1.100
|5 9.0292 |1.500 2.160 o .

459
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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

| 3’_"..;,‘.;(;,ul\‘rer_i:_s,‘are,-fre',quen_t:ly;»;,;us,ed_;in~:_:lrri_cb_:;ati‘onIsyst_ems,x
' Inﬁmany,cases, culvertsfencountered,ingirrigation»distri
bution systemsroperate;under free surface (open channel)
flow conditions. Eor,such;cases,_downstream conditions~

usually-control~the depth of=flow in the culvert,r For'Q
| 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 beenx

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-%*f
v,junction with three culvert lengths.; a square—edged flush
headwall was used in thlS laboratory investigation. B

' Three flow conditions were investigabed in the labora-i

iy e}

~+ory: namely, 1n1et control free surface outlet control,

ﬁzand submerged outlet control, comparisons were made between

"o
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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 i
free surface outlet control flow in culverts. Also, dis-l
charge ratings for horizontal culverts can be graphically
shOWn on-a single plot.:*Suchfa-plot covers the three -~
flow conditions investigated in this" study, which are
inlet control, free surfacefoutlet control, and submerged
Qoutlet control.q
]r,;,The results of this~study have clearly shown that
culverts can definitely be used as flow measuring structures
’in irrigation systems.~~Thus, existing culverts could be 7'"
utilizedjfor prov1dingfdischarge;measurements.' Also;- smallf
Eculverts'couldibe'employedkas portable flow measuring ol

bdevicest?“"

Recommendations

A‘general experimental program should be undertaken to

e

\.w,, R

“F
develop discharge ratings under free surface outlet control\

X ERRTE S Y

P . R S

flow conditions for a variety of culvert Sizes and lengths._

ST

_Initially, this program should’emphasize the development ofL

RS Fd

discharge rating for small culverts which would be used as f

l C U R P«(i‘. 10 5:3:(} Yog :x. b

portable flow measuring devices.
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