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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 condition in the culvert, 

Most of the research involving the 
hydraulics of culverts has been con-
cerned with the use of such structures 
under highways. Most frequently, a 
highway culvert is designed 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, 

For culverts placed in -,n irrigation 
conveyance channel usually free surface 
(open channel) flow occurs in the cul-
vert. In addition, downstream condi-
tions will likely control the depth of 
flow in the culvert. For this particular 
condition of free surface subcritical 
culvert flow, only an approximate solu-
tion is presently available for determin-
ing 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 measurement structure. Also, small 
culverts could be used as a portable flow 
measuring device, which could be easiiy 
installed while water was flowing inthe 
channel. If the ratings included the 
effect of barrel slope, then the culvert 
would not have to be perfectly horizon-
tal, like most flow measuring flumes, in 
order to obtain accurate discharge mea-
surements. 

Culverts placed in irrigation convey-
ance channels are open channel constric-
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tions. Since only an approximate solu-
tion is presently available for determin-
ing the discharge under free surface 
subcritical culvert flow, the possibility 
of utilizing the submerged flow analysis 
recently developed for flow measuring 
flumes (Skogerboe et al 1967) and weirs 
(Skogerboe et al 1967d) to provide an 
accurate discharge equation was investi-
gated. If the submerged flow analysis 
can be applied to this special problem, 
the transition from inlet control to free 
surface subcritical culvert flow can be 
described. Then, a method for describ-
ing the transition from free surface 
subcritical culvert flow to submerged 
outlet control can be explored, 

HYDRAULICS OF CULVERTS 
The classification of the hydraulic 

performance of culverts can take several 
forms. Three primary groupings will be 
used to describe the hydraulics of cul-
verts. The primary groups are based on 
the three parts of the culvert that exert 
primary control on the culvert perfor-
mance and its capacity: the inlet, the 
barrel,gated 


Usually, one of the primary controls 
determines the performance and capa-
city 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 
determined by the inlet characteristics 
alone. At other times, two or even all 
three primary controls can simulta-
neously 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 theta 
inlet losses to the tailwater elevation. 
Tt 

The classification is further subdi

ided under each main group, as shown 
in Table 1(Blaisdell, 1966). The classifi-cation is presented to indicate the num-
ber of items the designer must consider 
when determining the performance of a 

culvert and computing its capacity. 
Only those items that exert a control 

on the hydraulic performance of a 
culvert are listed in Table 1. Many
alternatives arc possible for each con-
trol. 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 compli
cates an already difficult problem. For 
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 begin
ning with the contracted depth of flow 
to determine the flow depth at the 
culvert outlet. If the computed outlet 
depth exceeds the barrel height, the 
culvert is hydraulically long, the barrel 
will fill, and the control will be the 
inlet, the barrel, and the outlet. If the 
computed 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 remain at the inlet. Whether 
aculvert ishydraulically long or hydrau
lically short depends on such items as 
the culvert slope and the culvert mater
ial. In fact, just changing from corru

pipe to concrete pipe can change 
the hydraulic length of a culvert from 
long t- A similar effect could 
result trom a . age in the inlet geom
etry. 

Flow in cr ,ts is also controlled by 
the hydraulic capacity of one section of 
the installation. The discharge is either 
controlled at the culvert entrance or at 
the outlet and is designated inlet control 
and outlet control, respectively. In gen
eral, inlet control will exist as long as 
the ability of the culvert pipe to carry 
the flow exceeds the ability of water to 
enter the culvert through the inlet. 
Outlet control will exist when the abil
ity of the pipe barrel to carry water
 

te 
way from the entrance is less than the 
flow that can enter the inlet. The 

location of the control section will shift 
as the relative capacities of the entranceand barrel sections change with increas
ing or decreasing discharge. 

Inlet Control 
Inlet control means that the dis

charge capacity of'a culvert iscontrolled 
at the culvert entrance by the depth of
headwater, HW, and the entrance geom. 
etry, including the barrel shape and 

TRANSACTIONS of the ASAE (Vol. 16, No. 2) 
Published by the American Society of Agricultural Engineers, St. Joseph, Michigan 



TABLE 1. CLASSIFICATION OF CULVERT HYDRAULIC and roughness of the pipe barrel. The 
CONTr(OLS (1) 

characteristics of the flow do not always 
.Inlet identify the type of flow. It is possible,A. Unsubmerged

1. Weir 	 particularly at low flows, for length, 
2. 	 Surface profile slope, and roughness to control the 

B. 	 SubmergedB . ri e 	 discharge, without causing the pipe to 

2. 	 Vortex flow full. This is, hov ever, not a com
3. 	 Full mon occurrence at design discharges. 

I. 	 Barrel The usual condition for thi type of 
A, Length

1. 	 Short flow at design discharges is one in which 
2. 	 Long the pipe cross section flows full for a 

B. Slope 	 major portion of the length of the 
1. 	Mild prinlnt 

1. 	 Barrel slope less than critical slope culvert. The discharge in this case is 
a. 	 Partfull, normal depth greater than critical depth controlled by the combined effect of all 
b. 	 Full, not applicable 

U. Barrel slope less than friction slope 	 hydraulic factors. 
a. 	 Part full, depth increases along barrel 
b. Full, brel under pressure 	 Outlet Control 

2. 	 Steep 
1. 	 Barrel slope steeper than critical slope Culverts flowing with outlet control 

a. 	 Part full, normal depth less than critical depth can flow with the culvert barrel full or 
b. Full, not applicable 

il. Barrel slope steeper than friction slope part full for part of the barrel length, or 
a. 	 Part full, depth decreases along barrel (Increases for all of it (Fig. 2). If the entire cross 

If the inlet causes the depth Inside the inlet to be section of the barrel is illed with water
feto t of the barrel theless than the normal depth) 

b. 	 Full, barrel under suction for the total length of the barrel, the 
C. 	 Flow culvert is said to be in full flow or 

1. 	 Part full 
2. 	 Slug and mixture flowing full, as shown .n Figs. 2(a) and 
3. 	 Full 2(b). The flow condition in Fig. 2(a) is 

II. Outlet 	 called submerged outlet control flow, 
A. 	 Part full while the flow in Fig. 2(b) represents a 

1. 	 Critical depth 
2. 	 Tailwater unique condition which the discharge 

B. 	 Full due to inlet or barrel controls are in 
1. 	 Free balance. Two other common types of 
2. 	 Submerged outlet control flow are shown in Figs. 

2(c) and 2(d). Procedures are available 
cross-sectional area and the type of inlet degree and any correction for slope can for determining the headwater depth for 
edge. Inlet control flow for both unsub- be neglected for conventional or com- the flow conditions shown in Figs. 2(a), 
merged and submerged projecting en- monly used culverts flowing with inlet 2(b), and 2(c). The method given for 
trances are shown in Figs. 1(a) and 1(b). control (Utah State Department of High- part full flow condition, Fig. 2(d), gives 
A submerged mitered entrance with ways 1965). an approximate solution for headwater 
inlet control is shown in Fig. 1(c). With depth that decreases in accuracy as the 
inlet control, the roughness and length Barrel Control headwater decreases. 
of the culvert barrel, as well as outlet Under barrel control, the discharge in 
conditions (including depth of tail- the culvert is controlled by the corn
water), are not factors in determining bined effect of entrance, length, slope, In irrigation systems, free surface 
culvert capacity. An increase in barrel 
slope reduces headwater to a small 
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01t.,0. m,.Nk:,a) -F_ 5.m OAW C_. " ,' ating under free surface outlet control 
b - 0~.- flow conditions requires that two flow-,., im 


1,HGLi.,416..,,. depths be measured, one upstream (HW)
at the culvert invert, and one near the 
downstream end of the culvert, such as 

The definition given to submergence, 
- 7shown as S,is the ratio, often expressed 

as a percentage, of the downstreamFIG. 3 Illustration of flow conditions for culverts in irrigation systems depth to the upstream depth. For the 
placed on a mild slope and having a short length. more general case shown in Fig. 3, 

where the culvert is placed with aflow with outlet c-antrol is commonly critical depth makes it possible to deter- positive slope (sloping downward in the 
encountered, which is the type of flow mine the flow rate knowing only the direction of flow), the submergence, S,
condition illustrated in Fig. 2(d). This upstream depth, HW. This is possible is defined by the following expression: 
same flow condition is !isted in Table 1 because whenever critical depth occurs 
under outlet control with part full flow in the culvert, the upstream depth, HW, S =TW/(HW + z) .......... [2]

determined by the depth of tailwater. is not affected by changes in the down-

Also, culverts in irrigation systems are stream depth, TW, as shown by water
 
usually short, while being installed on a surface profiles (a) and (b) in Fig. 3,

mild slope. As stated previously, a tech- thereby resulting in a unique relation- where z is the drop in elevation of the

nique is not presently available for ship between discharge, Q, and head- culvert invert between inlet and outlet.

analytically describing free surface sub- water, HW. 
 For the special case of a horizontal 
critical flow in culverts. For culvert operation with inlet con- culvert, z = 0. The drop of the culvert,In recent years, an analytical tech- trol, a plot is made of flow rate, Q, in which is z, can also be expressed as the 
nique for subcritical flow at open chan- cfs, against headwater depth, HW, with culvert length, L, multiplied by the 
nel constrictions has been developed Q as the ordinate and HW as the slope of the culvert barrel, So.Thus,

(Skogerboe et al 1967a). This technique abscissa. When these two variables are
 
has been shown to apply to flow mea- plotted on logarithmic paper, all of the
 
suring flumes (Skogerboe 1967b,c), points can be represented by a straight z = 
LS0.  . . . . . . . . . . . . . . . [3]
weirs (Skogerboe 1967d), and bridge line over the narrow range of O<HW<D and 
constrictions (Skogerboe et al 1970). (this be discussed furtherwill under 
Since a culvert is a flow constriction, "Results"). The equ.6,on for this inlet S = TW/(HW+ LS,) ....... [4]
this method of subcritical flow analysis control flow rating can be written as 
should be applicable to describing free 
surface subcritical outlet control flow in Free surface outlet control flow cali
culverts. Q = C (HW) ........... .11 bration curves are determined for the
For culverts in irrigation systems culvert by preparing three dimensional 
placed on a mild slope and having a plots of the paranieters describing free 
short length, three flow conditions where surface subcritical flow. The data are
should describe the types of flow to be Q flow rate, in cfs; plotted on logarithmic paper with the
encountered. Beginning with free sur- C inlet control low coeffi- discharge, Q, as the ordinate; difference 
face inet control, the downstream flow cient; in upstream and downstream depths of
depth can be increased until the head- HW headwater depth, the verti- flow, (HW + z) - rw or H, as the 
water is increased just slightly. Free cal distance from the culvert abscissa; and the submergence. "rW/HW
surface flow will still exist, but flow invert at the entrance to the + z), as the varying parameter. Lines are 
conditions are now affected by changes elevation of the upstream then drawn connecting points of equal
in tailwater. This flow condition can be pool water surface, in feet; submergence. These are straight lines 
described as free suiface outlet control, and having a slope identical to the slope
Finally, the tailwater caa be raised nI = inlet control flow exponent. of the inlet control rating curve (which
sufficiently to submerh, the outlet. For The coefficient C contains the effects of is nt,) for the s.mnc geonetry. 
a short culvert installed on a mild slope, inlet geometry. Front the simbmerged flow plots, an 
a submerged outlet should result in a e q taIion ias been developed
submerged inlet, with the flow condi Free Surface Outlet Control (Skogerboc et al, 196,7a) which can be
tion being submerged outlet contol. When the flow conditions are such tsed to descriice the flow rate through

The method of flow analysis is differ tihat tile downstream flow depth, TW,is the culvert. The equation is: 
ent for each of the three flow c-1mli rA.ised to tlie extent that the flow deptlis
tions mentioned lbove The teciiije .m any poiit tlonogh the structure Cjfl',. 
for developing equation gi Cater al re S 2l. 15]the disc harge Ie,,0mme than triti depth. n*- ............ 

describing etih of the flow conditils sutiing in t hlig,e in tile upslrea(o 
will be presented below, deth II. 1theI the t1lve ltis op'rating 

tinlet fre sum Af.uesimJ11ti,' lhow, as whereIet ConUol ' ,wit in Vigl. .3() amnd 3(d). The tlein 0Q - flowratelncfs; 
Under ftee sirfa e inlet onltoI (olln Ilich will Ie used io deltille this If - differenice between up.

ditlons, critical delith oitnuts in tile iAmllitllal flow tmnlition will be "free stream and downstream 
vicinity of the culvert entranmce, This mterfrac outlet conlrol." A uilvert oiwr depths, I1W + z TW, in ftI 



= free surface outlet control 
coefficient; 

= inlet control flow exponent; 
n2 = free surface outlet control 

exponent; and 
S = surbmergence, TW/(HW + 

z). 
The coefficient C1 contains the effects 
of inlet and barrel geometry. 

Having determined the values of the 
constants in the free surface outlet 
control equation, it is now possible to 
evaluate the flow rate for any combina-
tion of upstream and downstream flow 
depths that might be eicountered 
(Skogerboe et al 1967a). 

The transition submergence, St , is 
the value of submergence at which the 
discharge passes from inlet control flow 
condition to free surface outlet control 
flow condition or vice versa (Fig. 3b). 
Under this unique condition, both the 
inlet control flow equation and the free
surface outlet control equation will pre-

dict the same value of discharge. 
To determine the transition sub-

mergence, St, the inlet control flow 
equation and the free surface outlet 
control equation are set equal to one 
another (equations [11 and [51). 

C 1 (HW + z - TW) n l  

C(HW) l 
[-log[TW/(HW + z)] ] n2 

....................... [6] 


The value of submergence, S, that 
makes equation 16] valid is the transi. 
tion submergence, St. This equation can 
be solved by trial and error to obtain a 
value of the transition submergence for 
the special case where z = 0. For sloping 
open channel constrictions, a transition 
submergence can be obtained it energy 
is used, rather than flow depths 
(Skagerboe et al1970). 

lfiorder to deterininle whether inlet 
conttiol or frce surface outlet control 
flow conditions exist in i colvert, it is 
necessaly to calculate the stlbniergeice, 
whilIl is i hei compared with t'ie transi-
tion iim'ergencc to determine which 
flow quali,n s ,uld he used. If he 
subimietetce is less than the transition 
subilicigellte, then inlet control condi-
tions exist; btit the culvert is operating 
under fice Iiirt.tee outlet control flow 
conditions it lile stilmIel gelice is greater 
thnAll the tranisition sobicgence, S t . 

Submerged Outlet Control 

When tie now conditiins are stnch 
that tile downstream flow de pth, TW, is 
raised to the extent that tire culvert is 

completely full throughout the culvert 
length, resulting fi a change in the 
upstream depth, HW, then the culvert is 
operating under submerged outlet con-
trol, as shown in Fig. 3 (water surface 
profile e). The culvert operating under 
submerged outlet control flow condi-
tions also requires that two flow depths 
be measured, one upstream (HW) at the 
culvet invert, and one downstream near 
the end of the culvert (TW). 

For the submerged outlet control 
flow condition, a plot is made of flow 
rate, Q, against the difference between 
upstream and downstream flow depths, 
H, with Q as the ordinate and H as the 
abscissa (e.g., Fig. 8). When these two 
variables are plotted on logarithmic pa-
per, all of the points will fall on a 
straight line. The equation for this 
submerged outlet control flow rating 
can be written as: 

3State
Q = C3 (H) .. ....... [7] 


where 
Q = flow rate, in cfs;
H = difference between up-

stream and downstream 
flow depths, HW + z - TW: 

C3 = submerged outlet control 
flow coefficient, which is 
the value of Q when H = 1 
ft;and 

n3 = submerged outlet control 
flow exponent, which is the 
slope of the submerged out-
let control flow rating when 
plotted on logarithmic pa-
per. 

The coefficient C3 contains the effects 
of inlet, barrel, and outlet geometry. 

In order to determine whether free 
surface outlet control flow or sub-
merged outlet control flow conditions 
exist in a culvert, it is at least required 
that the culvert outlet be just sub-
merged, while the culvert inlet is also 
submerged. Thus, the downstream flow 
depth, TW, must exceed the diameter or 
height of the culvert, I). 

EXPEIIMENTAL DESIGN 
To test the validity of the subcritical 

flow technique (Skogerboe et al 1967a) 
to analytically describe free surface out-
let control, a I 2-in. diameter corrugated 
metal culvert was selected. A square-
edged flush headwall was attached to 
tlie culvert. Thus, only one inlet condi-
tion was used in tle expeimental de-
sign. 'lhree culvert lengths, along with 

four barrel shlpes for eac'h length, were 
inclororated in tile experimental pro
gram. For a culvert length (if 5 ft. barrel 

slopes of 0.0000 (horizontal), 0.0333, 
0.0667, and 0.1167 were used. In addi
tion to the horizontal case, slopes of 
0.0167, 0.0333, and 0.0583 were used 
with the 10-ft culvert length. The 20-ft 
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 sub
merged outlet control. 

EXPERIMENTAL FACILITY 
This hydraulic experimental study 

utilized the 4-ft wide by 60-ft long 
recirculating flume located in the Engi
neering Research Center at Colorado 

Universit. The 12-in. diameter
corrugated ey. ie 12-in cuvetcorugaedmetal pipe (CMP) culvert 
was placed inside the 4-ft flume with 
the bottom of the culvert placed 7 in. 
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 laboratory 
flume, thereby allowing the culvert to 
be tilted without any leakage occurring. 
Wood blocks were placed at various 
points underneath the culvert to sup
port the pipe in order to maintain the 
required slopes. The maximum drop of 
the culvert exit was approximately 7 in. 

In running the hydraulic tests, the 
culvert was set horizontally and eight 
different discharges were run with the 
tailwater gate being fully open, thereby 
resulting in inlet control flow condi
tions. Next, a constant discharge was set 
with the tailgate fully open. Then, the 
tailgate was lowered into the flow, 
which resulted in an increased tailwatei 
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 dis
cl,.arges were run for each slope and 

each pipe length. 

RESULTS 
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FIG. 4 Inlet control ratings for experimental culvert length of 10 ft

using various criteria. 

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, n1. The results of using dif-

ferent techniques for arriving at an inlet 

control 	rating are represented in Fig. 4 
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FIG, 3 Effect of barrel slope upon free 
surface outlet control ratings for experimental
culvert 10 ft long, 

for a 	 culvert length of 10 ft. Five 

different techniques were employed. 

First of all,the n1 developed from the 
line of best fit for the experimental data 
using regression analysis was tested, 
Secondly, a value of n developed from 
smooth curve relationsiips involving the 
barrel slope was tested against the data. 

Next, the line of best fit through the 
data using a value of the inlet control 
exponent equal to 1.5 was used. Finally, 

two different values of k (coefficient 
used in flow equation commonly used 
by Highway Engineers) were used for 

by ighay wrengieer) sedforcomparison with the actual experimen-
tal data. 


Because the experimental data covers 

a 	narrow range of inlet flow depths, it 
can be seen from Fig. 4 that a consider-
able degree of latitude exists as to the 
format of the inlet control ratings. Forpurposes of sinmplicity in the ratings to 

follow regarding the free surface outlet 

control and submerged outlet control 
flow conditions, criterion 3 employing 
n = 1.5 has been selected as represent-
ing the inlet control ratings. From a 
theoretical standpoint, criterion 3 is 
only valid for rectangular cross-sections. 
Actually, criterion 4, which is slightly 
curvilinear, is more valid. However, for 
the narrow range of HW used in these 
experiments, criterion 3 introduces very 

little error to the analysis and has the 
advantage of simplifying the analysis. 

Free Surface Outlet Control Ratings 

In order to determine the free sur
face outlet control ratings, the coeffi
cient, C1 , and exponent, n2 , in equation 

[5] must be evaluated. This is accom
plished using plots similar to Fig. 5, 
which has been prepared for the experi
mental culvert length of 10 ft. 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 con
trol 	ratings due to barrel slope, So, and 

length, L, can be expressed in 

terms of the free surface outlet control 
coefficient, C1 . 

Because of the difficulties in collect

accurate discharge data, there is 
considerable scatter in the data points 
shown in Fig. 5, which results in inac
curacies in arriving at the value of the 
coefficient, Ci. To partially overcome 

problem, the first estimates of the 
free surface outlet control coefficient, 
C1 , were plotted against the barrel 
slope, So,, to test for consistency in tihe 
relationships. By plotting the relation
ship for each culvert length, L, on the 
same graph, definite trends in the rela
tionships could be seen. Finally, the 
curves relating C1 and So were estab
lished by eye, which required that three 

dita points be adjusted, with one data 

point being adjusted for each culvert 
length. In each case, the original esti
nate of C was reduced. The degree of 
a justednt amounted to 8 percent for 
tor one data point o the curve in Fig. 6 

a culvert length of 5 ft, 12 percent 
for one of the data points for the 

culvert 	length of 10 ft, while the adjust
ment required for the curve in Fig. 6 for 
a culvert length of 20 ft was 4 percent. 
After dvlpn h eainhpdeveloping the relationships
shown in Fig. 6, the final rating curves, 
as represented by Fig. 5, were devel
oped. 

The transition stibmergence, St, be
tween inlet control and free surface 
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FIG. 6 Relationships between barrel slope and 
free surface outlet control coefficient for 
experimental culverts. 
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FIG. 7 Effect of culvert length upon transi-
tion submergence. 

outlet control ,-as evaluated using equa-

tion [6] for the special case where z = 

0(horizontal culvert). A solution of 
equation [6J for sloping culverts is 
complex because the culvert fall, z, does 
not allow a simple unique solution for 
St. The relationship between culvert 
length, L, and the transition submer-
gence, Si, is shown in Fig. 7. For culvert 

lengths of 5 ft, 10 ft, and 20 ft, the 

transition submergence was 0.64, 0.66, 
and 0.7 1, respectively, 

Submerged Outlet Control Ratings 

Since submerged outlet control rat-
ings are given in the literature (Portland 
Cement Assoc. 1964, Utah State Dept.
of Hwys. 1965), a comparison of re-

ported ratings with the data collected 
for the experimental culverts was under-

taken. For the experimental culvert 
under study, wherein a constant dia-

meter corrugated metal pipe has a 
square-edged flush headwall, the rating 
equation is a function of culvert length. 

The laboratory data for submerged 

outlet control flow conditions has been 

plotted in Fig. 8. For purposes of 
comparison, the predicted discharge rat-
ings front the literature have been 
shown in Fig. 8. In each case, the 

laboratory discharge rating predicts low-
er discharges than the ratings reported 
in the literature. Using equation 191 to 
describe the submerged outlet control 
rating, the CKlponent, 1.1 , has a constant 
value (f 1/2 in all cases. The effect of 

culvert length oin the discharge rating is 

rellcoed il the coefficient, C3 , with 
culvert length, I, for the laboratory 

ratings isless (about 5 percent) than the 
ratings reportcd in the literature, 

Composite Ratings 

A summary of the exponents and 
coefficients in the discharge rating equa-

tions for inlet control, free surface 

outlet control, and submerged outlet 

control are listed in Table 2.For tle 

special case of horizontal culverts (So 

=0), the ratings for all three flow condl-
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FIG. 8 Submerged outlet control flow ratings for experimental culverts. 

tions can be presented on a single graph. 
The composite ratings for the experi-
mental culvert are shown in Fig. 9 for a 

culvert length of 10 ft. 

CONCLUSIONS 

This study has shown that the sub-

merged flow analysis used for flow 
measuring flumes and weirs can be 
applied to free surface outlet control 
flow in culverts. Also, discharge ratings 

ratng 
for horizontal culverts can be graphical-
ly shown on a single plot. Such a plot 
covers the three flow conditions investi-
gated in this study, which are inlet 

control, free surface outlet control,and 

submerged outlet control. 

The results of this study have clearly 
shown that culverts can definitely be 
used as flow measuring structures in 

irrigation 	systems. Thus, existing cul-

verts could be utilized for providing 
discharge measurements. Also, small cul-
verts could be employed as portable 

low-~~~~flwmauigdvcs
flow measuring devices. 

The assumption that ni = 1.5 was 

used to 	 simplify the analysis. Further 
study should be undertaken to remove 
this assumption from the flow analysis. 

Then, generalized discharge ratings 

could be developed for a wide variety of 

inlet, barrel, and outlet culvert geom

etries. 
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= Cross.sectional area of flow 
= Inlet control flow coefficient 
= Free surfacc s'ibcritical flow coct

ficient 
= Submerged outlet flow coefficient 
= Pipe diameter, in ft 
= Gravitational acceleration, in fpc 
= Tailwater dcpth at culvert outlet, 

in ft 
= Difference in water levels up

stream and downstream 
= Specific energy, in ft 
= Head increment, in ft 
= Headwater depth, the vertical dis

tance from the culvert invert, in ft 
z = Upstream water surface elevation 

above invert of culvert outlet, in 
= ft 

Empirical 	 free surface inlet con
trol coefficient
 

= Length of culvert, in ft
 

TABLE 2. SUMMARY OF DISCHARGE RATINGS FOR INLET CONTROL, FREE
 

SURFACE OUTLET CON'I ROL, AND SUBMERGED OUTLET CONTROL FOR
 

TIlE 12-In. DIAMETER CORRUGATED METAL PIPE 

Culvert Barrel InletsQ"o pcontrol surface outlet controlle,ng t , Fre 

length, L slope, s Q C(llW)nl CI(IIW+z-TW) 
=[-Iog(TW(lW+zl n2 

ft 	 ft/ft n C n1 n2 C1 

5 	 0.0000 1.500 1.999 1.500 1.040 1.680 

00333 1.500 2.244 1.500 1.040 1.440 
0.0667 1.500 2.319 1.500 1.040 1.250 

1.0800.1167 1.600 2.324 1.500 1.040 
10 0.0000 1.600 1.727 1.500 1.040 1.460 

10.010 	 1.00 2.060 1.500 1.040 1.325 

0.0333 1.500 2.221 1.500 1.040 1.220 

0.0583 1.500 2.288 1.500 1.040 1.100 

20 	 0.0000 1.500 1.506 1.500 1.040 1.330 
0.0093 1.500 1.773 1.500 1.040 1.1800.0167 1.500 1.984 1.500 1.040 1.100 

-

Submerged outletcon trol 
n3 

Q C3 

C3n3 

0.50 	 4.337 

0.50 3.762 

0.50 8.082 
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